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1, Vladimir Muzykantov hereby declare: 
I i am a co-inventor of the above-referenced patent 
application. 

QC a Dnrtar of Medicine (Internal 

2 . i received - as J £f Medical school and 
Medicine) in 1930 from the "-f Russian National 

a Ph.D. in Biochemistry from the Russia ^ ^ 

Cardiology Research Center ^.198 5^ tQ ig93 _ 

institution in Moscow as a res ^ c *f p ^ nsV lvania where I 
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am still employed ma s * and Med icine and 

Associate Professor o Pharmacology ^ 
secondary appointments in ™ engineering 
Engineering, Environmental Medicine ± career has 

Graduate Group. For two decades, ^ P^livery syStems in 
been focused on research ° f J^.^ i^unotargeting of 
cardiovascular systems, m P^^^^othelium. 
therapeutics to the pulmonary vascular en 
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o T am one of the leading world experts in the field of 

Unot^etinl to the «d 
published over 50 peer-revxewed ££'J«£ ed to talk, on 
chapters in this field. l na ^ United States and 

this subject by ^^'^^to Research 
Western Europe, as well as several w ferences . j 

Conferences and many other ^ tern ^°^ n °°£i s subject for 
organized and ^^S^raSeS Soraci^ Society 

S's: isti^So research - 200.3 * 

Sited a book published by Kluwer Science Publis her s 
^Biomedical Aspects of Drug Targeting ) , in which my ^ 
chapter on this subject was included. ca 9 9b ^ 
remain the Principal Investigator of four NIH *u ^ 
grants and one DOD grant : -PP-ting my -search ^ 
area. I am requested quite fluently t abroad . My 

this subject for many 3°^%^^/^ Se attached cv. 
scientific credentials can be verified 

3. I strongly disagree with the ^-iner' s stat ement 
concerning teachings of Mulligan et ^^at the 
immediately apparent to «n. ^lljd £^f vaaculatur . 

accumulation of the antibody in tne P Vernalization 
reported by Mulligan et al. is due to no well _ known 
of said antibody. Generally speaking, it is a we 

paradigm that with - st / a ^^ripheral vasculfr target.), 
tumor vasculature, brain and P e ^£^ hiqhe r accumulation 
internalizable antibodies show markedly ||2_ 
vs non-intemalizable ones- Talking »P e £ £ ^* J me of this 

accumulation in P^J^^^S^^ 
invention (i.e., 1998 , a ^* only mtemalizable ones 
characterized internalizability, only J vasculature 
have been known to accumulate m the pulmon y subject of 
(see below). In the retrospec t an ^ ' ^ ^ ^ 
our disclosure, represents a r ^ J^p the lack of 
but its internalization ^^^been fully characterized 
thereof) by endothelium had not been tuny 
until 2003 (see below) . 

•~=, e\-F oaoers published by my 
4. x a* ^taching hereto a se^ -^P tate 

laboratory and other researcn y zL inion , accumulation in 
that, in opposite to the Examiner 8 ^ nio ^ racterl8t ic of 
the pulmonary vasculature is = a nti-ACE, anti- 

internalizable antibodi es . f^^modulin and anti- 
caveolar ^ demonstrated to accumulate m 

selectin, which have all ft een intravaSC ular infection, 

the pulmonary vasculature after in-cra 
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bind to internalizable antigens and ^^T^ol^ 
endothelium (see ^ykantov et al ^9t) ^ 

270:L704-713 attached . * J ^^ 2 ' oi f ^t.^ « -hibit 
Proc. Natl- Acad. Sea. USA 99(4). lyyb th hysiolo gy, 5:15- 

B ; reviewed in ^zykantov j (W98) . endothelium. 
33; Muzykantov, V. (2003) Vladimir Muzykantov 

biomedical Aspects of ^ Drug Tar ^/ r ' Academic publishers, 
and Vladimir Torchilm, Eds., Kiuv ?r Muro et al . 

Boston-Dodrecht-London, pages ^ 148 , ana ched aS 

(2004B) Current Vascular Pha 2 ^^^^e 

Exhibits C-E, res P ecti y!, ly) \ F ^^fte in the pulmonary 
anti-PECAM antibody did n ^ le ^ C Tt W as converted into 
vasculature in animals unless it wa 

internalize one (--^^^^ adhibit G; 
Proc.^tl.Acad.Sci.USA, 96.2379 2384 Q ^ (Lling) , 

and Damlov et al. ^""J' . T he mechanism (s) by 
280(6)sLl335-347 targeting 
which internalization correlates wit explained 
are not fully understood .Most likely it ca JP UuleE 
by concentration of cell-bound antiDoay i ead ing to 

• -.^ TT-i* recvclinq membrane antigens, ie ^ iIiy 

However, at the time of tb " n . 1 " v, °* l ^ d alike , the fact 

experts in the field ^ 0 ??^ J£££y vasculature was 

that anti-ICAM »^ u . 1 ^»%S s th * n SoTy "is < ^.^.lizabl, 

actually ^ s ^ ^ J h ^J development of an antibody 
and thus would repel those irom u r 

conjugate wherein internalization "^/f^txamples of 

anti-ICAM seems to be one of the first and r vasculatute 
a n antibody that accumulates » the pulm^ y^ ^ 
despite documented lac* 01 Protocols: 
Methods in Molecular Bi ° l0 Vy;,** 0 °° n \l Humana Press , 
Strategies and Methods", C.M.Niamey er B d., j 
Totowa, NJ, Chapter 2, pages 21 36, Muro o<j 
Cell SCX.. 116:1599-1609; and Murorano et a l. (2 ^ _ 
101:3977-1984, attached a s E ^" lnv H ent ' ion , Mhi ch could 
This; is the essence of trie presenu 
noJ be predicted based on the previous knowledge. 

c Father with respect to the Bowes reference, this 

our invention describes a new matter ot s 3 ^ entities 
. ,r,fi -tt.am in a way that tnese tf" « 



. I ~ ar ,T- i -TCAM in a way than wese ^« 

conjugated with anti ICAM in y features different 

now became a new, single entit y with t ea 
from those of both individual components. 
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canary mil of the art would understand that this „a*ee 
teaching of Bowes irrelevant. 

I hereby declare that all statements herein of our o«r 

i nerevy . . -^^f-eTTients made on 

Pledge are true and that ^ ** at f « true; and rurt her 

information or belief ar ^^i t h the pledge that 
that these statements were nade with the haMe by 

willful statements ^^^^/^ /'^r §1001 of Title 18 
verified statement is directed. 
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Home Address: 



Office Address: 



University of Pennsylvania - School of Medicine 

Curriculum Vitae 
Vladimir R.Muzvkantov, M.D., Ph.D. 

101 White Pine Court, Warwick, PA 18974 

Institute for Environmental Medicine 
(IFEM), One John Morgan Building, 36th 
Street and Hamilton Walk, Philadelphia, 
PA 19104-6068 

Naturalized US Citizen 




Citizenship : 



Education: 

1974-1980 M.D. First School of Medicine, Moscow, Russia (Internal Medicine) 

1980-1985 Ph.D. Russian Cardiology Research Center, RCRC, Moscow (Biochemistry) 

Professional Training, Post-Doctoral and Research Fellowships : 

1 976- 1 979 Work-study student, Academy of Medical Sciences, Enzymology Lab, Moscow 

1 979- 1980 Work-study student, Laboratory of Immunology, RCRC, Moscow 

1982-1985 Graduate Student, Biochemistry, USSR Academy of Medical Science, Moscow 

1 992 Visiting Scientist, Department of Biochemistry, University of Virginia 

1 993- 1 995 Will Rogers Memorial Fund Pulmonary Research Fellow, IFEM 



Military Service : 



Not Applicable 



Research and Faculty Appointments: 

1980-1982 Res. Assistant, Lab. Immunomorphology, Institute of Experimental Cardiology 

(IEC), Russian Cardiology Research Center (RCRC), Moscow, Russia 

1982-1984 Sr.Res. Assistant, Lab.Immunomorphology, IEC, RCRC, Moscow 

1 894- 1987 Jr.Investigator, Lab. Immunomorphology, IEC, RCRC, Moscow 

1987-1990 Investigator, Lab.Molecular Endocrinology, DEC, RCRC, Moscow 

1 990- 1993 Sr.Investigator, Department of Biochemistry, IEC, RCRC, Moscow 

1 993- 1 994 Sr.Research Fellow, IF EM, University of Pennsylvania, Philadelphia 

1994- 1996 Research Associate, IFEM, UPENN 

1 996- Sr.Investigator, IFEM, UPENN 

1 997- 1 998 Research Assistant Professor, Department of Pharmacology, UPENN 
1 999-2003 Assistant Professor, Department of Pharmacology, UPENN 

2003- Associate Professor (Tenured), Department of Pharmacology, UPENN 

2003- Associate Professor (Adjunct), Department of Medicine, UPENN 

Hospital and Administrative Appointments : 

Not Applicable 
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Speciality Certification and Licensure: 

Not Applicable 

Awards, Honors and Membership in Honorary Societies: 
1986 
1989 
1990 



1992 



1992 



1996-2000 
2000 



2000 



2001-2004 
2001 

2001-2002 

02/10/03 
09/12/03 

04/16/04 



USSR National Young Investigator Award in Pharmacology, 1 st Prize 
Young Investigator Award, The World Congress of Angiology, Rome, Italy 
Young Investigator Award, 16th LH Gray Conference on Tumor Vasculature, 
Manchester, UK 

International Union of Biochemistry Wood Award, Visiting Scientist, Department of 
Biochemistry, University of Virginia 

International Society of Immunology Travel Award, 8th International Congress of 
Immunology, Budapest, Hungary 

Established Investigator, National American Heart Association 
The Pulmonary Circulation Assembley Highlight at ATS International Symposium: 
"Intracellular immunotargeting of active reporter enzyme to endothelium in vivo" 
(05/09/00, Toronto, Canada) 

Pulmedica-Preis 2000, First Prize of the German Society of Pulmonary Medicine for 

the project "Cell-selective intracellular delivery of a foreign enzyme to endothelium 

in vivo using vascular immunotargeting" (presented by Dr. R. Wiewrodt) 

Bugher Stroke Award, National American Heart Association 

A metal plaque from National American Heart Association "In recognition of 

outstanding efforts in research fighting the heart disease and stroke". 

American Thoracic Scociety, Planning Committee of the National Pulmonary 

Circulation Assembley, Member 

"The Scientist of the Week 5 ', Association for Eradication of Heart Attack (AEHA). 
Keynote Speaker, 4 th Annual Colloqium "Cellular and Molecular Biomechanics", 
University of Virginia, Charlottesville, VA 
University of Pennsylvania, Magister of Arts Honoris Causa 



Membership in Professional and Scientific Societies: 
1 993- Inflammation Research Association, Member 

1 995- The American Heart Association, Member 

1999- The American Physiological Society, Member 

1 999- The American Thoracic Society, Member 



Editorial Positions and Activity (Ad Hoc Reviewer): 

1 997- Journal of Applied Physiology 
International Journal of Cancer 
Free Radical Biology and Medicine 
The Israel Science Foundation 

1998- Natural Sciences and Engineering Research Council of Canada 
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Biochim.Biophys.Acta (Biomembranes) 
Thrombosis Research 
Antioxidant and Signal Transduction 
General Pharmacology of Vascular System 
Nature Medicine 

AmJ.Physiol., Lung Molecular and Cellular Physiology 
Am. LPhysioL, Cellular Physiology 
J.Pharm.Exp.Therapeutics 
Am.J.Resp.Cell.Mol.Biol. 
Molecular Cancer Therapeutics 
Exp.Lung.Research 
J.Gene Medicine 
Am.J.Resp.Crit.Care Med. 
Br.J.Pharmacology 
Blood 

Microvascular Research 
Expert Opinion on Drug Delivery 

Invited Lectures and Seminars (since moved to the USA in 1993): 
1 1/10/94 TNO-Gaubius Institute, Leiden University, Leiden, The Netherlands 
02/03/97 Department of Biochemistry, Virginia University, Charlottesville, VA 
03/03/97 Department of Physiology, Louisiana State University, Shreveport, LA 
1 1/21/97 Centocor, Malvern, PA 

05/12/98 Department of Neonatology, St.Christopher Hospital, Allegheny University, 
Philadelphia 

06/19/98 Smith-Kline Beecham, King of Prussia, PA 

07/20/98 Invited Speaker, Summer FASEB Conference "Physiology and Pathophysiology 

of Circulation", Portland, Oregon 
05/09/00 Invited Speaker, ATS International Conference, Toronto, Canada 
06/21/00 Invited Speaker, International Conference on Avidin Technologies, Banff, Canada 
02/21/01 Eccles Institute of Human Genetics, University of Utah, Salt Lake City, Utah 
07/13/01 Institute of Biomembranes, Utrecht University, Utrecht, the Netherlands 
10/1 6/0 1 Institute for Medical Engineering, University of Pennsylvania 
01/1 8/02 Department of Neonatology, Children's Hospital of Philadelphia 
02/06/02 Department of Pharmacology, University of Illinois in Chicago 
01/25/02 Invited Discussant, Transatlantic Airway Conference "Oxidants/Antioxidants" 

Lucerne, Switzerland 

02/24/02 Invited Speaker, Gordon Research Conference on Drug Delivery, Ventura, CA 

05/24/02 Invited Speaker, ATS International Conference, Atlanta, GA 

07/10/02 Invited Speaker, International Symposium "Reactive Oxygen Species", 

St.Petersburg, Russia, 
09/3 1/02 University of Cologne, Germany 
1 0/0 1 /02 University of Mainz, Germany 
1 0/03/02 Urbino University, Italy 
1 2/1 6/02 Centocor, Radnor, PA 



1999- 

2000- 

2001- 
2002- 

2003- 

2004- 
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02/24/03 Department of Radiology, Harvard/MGH 5 Boston, MA 

03/05/03 Invited Speaker, International Symposium of Controlled Release and Advanced 

Drug Delivery Systems, Salt Lake City, Utah 
04/04/03 Department of Pharmacogenetics, Pittsburgh University, PA 
06/17/03 EluSys Therapeutic Systems, Pine Brook, NJ 

06/24/03 Department of Cardiology, Emory University School of Medicine, Atlanta, GA 
07/30/03 Department of Pharmaceutical Sciences, University of Nebraska, Omaha 
08/10/03 Invited Speaker, 6 th World Congress on Inflammation (International Association 

Inflammation Societies Congress, IAIS), August 2-6 th , Vancouver, Canada 
09/12/03 Keynote Speaker, 4 th Annual Colloqium "Cellular and Molecular Biomechanics", 

University of Virginia, Charlottesville, VA 
10/02/03 Cardiopulmonary Research Institute, Winthrop University Hospital, SUNY at 

Stony Brook School of Medicine, Mineola, NY 
10/07/03 Sol Sherry Thrombosis Research Center, Temple University, Philadelphia, PA 
10/13/03 EluSys Therapeutics Scientific Advisory Board Meeting, Pine Brook, NJ 
11/21/03 Department Molecular Cardiology, Cleveland Clinic Foundation, Cleveland, OH 
01/19/04 Debiopharm SA, Lausanne, Switzerland 

01/21/04 Invited Discussant, Transatlantic Airway Conference "Gene and Drug Therapies 

of Airway Diseases", Lucerne, Switzerland 
02/11/04 Invited Speaker, Gordon Research Conference "Oxygen Radicals in Biology", 

Ventura, CA, February 8-13, 2004 
04/10/04 Drexel University, Department of Bioengineering, Philadelphia, PA 
08/26/04 Invited Speaker, Gordon Research Conference "Endothelial cell phenotypes in 

health and diseases", Andover, NH, August 22-27, 2004 
10/06/04 Department of Physiology, John Hopkins University 
10/15/04 Invited Speaker, Annual Red Blood Cell Club Symposium, Columbia, MO 
1 1/03/04 Division of Cardiovascular Medicine, University of Michigan, Ann Arbor, MI 
1 1/16/04 Department of Bioengineering, Ohio University, Athens, OH 
12/02/04 Symposium of the University of Pennsylvania Institute for Medical Engineering 
01/1 8/05 Cardiovascular Research Center, MGH-Harvard, Boston, MA 
01/28/05 Department of Physiology, Case Western Reserve University 



Organizing Role in Scientific Meetings: 

1991, International Advisory Committee Member, 2nd International Conference on 
Eicosanoids and Bioactive Lipids in Cancer and Inflammation, Berlin, FRG, 1991 
2000, Chariman, American Thoracic Society International Conference, Symposium 
"Targeting of drugs and genes to the pulmonary endothelium", Toronto, May 5-10, 2000 

2002, Chairman, American Thoracic Society International Conference, Symposium 
"Focus on the pulmonary endothelium", Atlanta, GA May 18-24, 2002 

2003, Chairman, Symposium on Targeted Drug Delivery, 6 th World Congress on 
Inflammation (International Association Inflammation Societies Congress, IAIS), August 
2-6 th , Vancouver, Canada 

2004, Discussion Leader, Gordon Conference on Drug Delivery, Big Sky, MT, 09/08/04 
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Academic Commttees at Previous Institutions and at the University of Pennsylvania : 

1986-1991 Russian National Cardiology Research Center, Young Scientists Society 

Steering Committee, Vice-Chairman (1998-1991) 

1996- Faculty, NRSA in Lung Cellular and Molecular Biology, IFEM, UPENN 

1998- 2003 Steering Committee for SCOR in Acute Lung Injury, Member 

1999- Faculty, NRSA in Lung Immunology, Pulmonary Medicine Division, UPENN 
1999- Institute of Medical Engineering, UPENN, Member 

2002- Center for Cancer Pharmacology, UPENN, Member 

2002 School of Medicine Strategic Planning Committee (Cardiovascular), Member 

2003- 2004 Department of Path. &Lab. Medicine Academic Review Committee, Member 

2004- Faculty, NRSA in Cardiovascular Biology, IME 

2004- Curriculum Committee, Pharmacology Graduate Group, Member 

2004- Membership Committee, Pharmacology Graduate Group, Member 

2004- Dean's Standing Committee of Chairs and Directors, Substitute Member (IFEM) 

Teaching Activity: 

University of PENN School of Medicine lectures : 
1999-2000 Pharmacology, Module I: Targeted drug delivery 
1999-present Cardiology, Module II: Drugs affecting myocardial ischemia 
2001 -present Frontiers in Medicine: Biomedical aspects of targeted drug delivery 
2003 -present Frontiers in Medicine: Drug targeting to tumors 

Faculty Member of the Graduate Groups at PENN 

2001 - present Pharmacology, School of Medicine 

2002 - present Bioengineering, School of Engineering and Applied Sciences, 

Course Director, Graduate Courses in Pharmacology : 
2001 -present PHRM-570: Principles in cardiovascular biology 
2002-2004 PHRM-590: Areas of research in pharmacology at PENN 

Lectures in Pharmacology Graduate Courses 
2001-present PHRM-650 (seminar): Targeted drug delivery 

2001- present PHRM-570 Course: Targeted delivery of drugs in cardiovascular system 

2002- present PHRM-570 Course: Ischemia-Reperfusion and vascular oxidative stress 
2002-present PHRM-560 Course: Targeted delivery of drugs to tumors 

2005- PHRM-623 Course: Emerging methods of drug delivery 



Post-Doctoral Fellows and Research Associates, PENN : 
1993-1997 E.Atochina, M.D., Ph.D. 
1995-1997 LBalyasnikova, Ph.D., 
1 997-2003 LMurciano, Ph.D. 
2001-present S.Muro-Galinda, Ph.D. 
2001-present K.Gunguly, Ph.D. 
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2002- present V.Shuvaev, Ph.D. 

2003- present S.Zaitsev, Ph.D. 

2004- present C.Danielyan, Ph.D. 

NRSA Post-Doctoral Fellows, PENN : 
1999-2000 L.Koniaris, M.D. 
1999-2001 T.D.Sweitzer, Ph.D. 
2002-2004 T.Dziubla, Ph.D. 

Visiting Foreign Fellows and Students 
1994, 1995 J-C.Murciano, Pre-Doctoral Fellow, Spain 

1 998-2002 R.Wiewrodt, M.D., Post-Doctoral Pulmonary Fellow, FRG, (with S. Albelda) 
1999, 2001 A.Sherpereel, M.D., Post-Doctoral Pulmonary Fellow, France, (with S.Albelda) 
2002 A.Panchenko, summer student from StPetersburg Medical Academy, Russia 

2002-2003 E.Berk, Visiting Undergraduate Student, the Netherlands 



Work-study, part-time and summer students at University of Pennsylvania : 
1994-1997 Ankur Luther Joshi (U.PENN) 
2001-2004 Tanya Krasik (U.PENN) 
2001 -present Christina Gayevsky (U.PENN) 

2003- present Anu Thomas (Jefferson University) 

2004- present Jeremy Pick (U.PENN) 



1989-1993 



1988-2000 



2004-present 



Graduate Students: 
Ph.D. Thesis Advisor, 



Alia B.Zaltzman, IEC, Moscow, Ph.D. Thesis: 



"Modification of red blood cells with biotin and avidin" (Biochemistry, 1993, 
USSR National Cardiology Center, Moscow). Present position: Post-doctoral 
fellow, Medical College of Wales, Cardiff, UK 
Advising experimental studies of F.Branco, 1997-2000, 

Ph.D. Thesis "Endothelial cell culture for intracellular oxidative stress", (Temple 

University, Physiology, 05/19/2000) 

Ph.D. Thesis Advisor, Weining Qui, (Bioengineering) 



2002 
2003 
2003 
2004 
2004 
2004 
2004 
2004 



Rotation Graduate Students 
Robinson, Mary (Pharmacology, Summer Semester) 
Colon, Franchesca (Pharmacology, Fall Semester) 
Fuentes, Rudy (Pharmacology, Fall Semester) 
Weining Qui, (Bioengineering, Spring Semester) 
Bisen Ding (Pharmacology, Summer Semester) 
Armen Karamajan (Pharmacology, Fall Semester) 
Eric Simone (Bioengineering, Fall Semester) 
Julie Zurpina (Bioengineering, Fall Semester) 



Ph.D. Thesis Committees at PENN: 



6 



Vladimir R.Muzykantov, M.D., Ph.D. 

12/9/2004 

7 

2000-2004 Committee Member for A.Omolola Eniola (Department of Bioengineering, SEAS) 

"Characterization of biodegradable targeted drug delivery vehicle" 
200 1 -2003 Committee Member for Jeffrey Guinrich, ME (Bioengineering) 
2003-2004 Committee Member for Yuqin Hui, Department of Pharmacology 

2003- present Committee Chair for Wenying Jang, Department of Pharmacology 

2004- present Committee Member for Mary Robinson, Department of Pharmacology 
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Grants and Extramural Funding 

Please note that the grant system has been introduced in the former USSR in 1990; hence no grant 
support is listed prior to 1991. Monetary conversion of USSR grants is not available. 

Completed 

Principal Investigator : 

■ 1991-1993, USSR Department of Health, Grant-in-Aid: "Immunotargeting of glucose 
oxidase to the pulmonary endothelium." 

■ 1992-1993, USSR Academy of Sciences Coincil on Enzymology Research Grant: 
"Conjugation of enzymes with ACE antibody". 

■ 1995-1997, National AHA Grant-in-Aid: "Immunotargeting of antioxidant enzymes 
to the pulmonary endothelium." ($88,000 direct cost) 

■ 1998-1999, University of Pennsylvania Research Foundation Grant: "Conjugation of 
plasminogen activators to the carrier red blood cells" (total $20,000, direct cost) 

■ 1997-1999, National American Lung Association Research Grant: "Targeting of 
plasminogen activators to the pulmonary vasculature" (direct cost: $50,000) 

■ 1988, NIH HLBI ROl: "Regulation of oxidants in the pulmonary endothelium". 
(This grant that got proirity score 145, a percentile 2.7% at the first submission 10/01/97, has 
been relinquished in order to accept NIH SCOR in Acute Lung Injury and it continued now as 
an ROl HL073 940-0 1-A1, see below). 

■ 1999-2000, Co-PI, The University of Pennsylvania Research Foundation Grant: 
"Prevention of cardiopulmonary bypass induced pulmonary dysfunction by 
immunotargeting of antioxidant enzymes to the pulmonary endothelium" (Dr. 
W.Gaynor, PI, direct cost $20,000) 

■ 1997-2000, The National AHA Established Investigator Grant: "Protection of the 
vascular endothelium against oxidative insults by specific targeting of antioxidants" 
(direct cost $300,000) 

■ 1999-2000, Sponsored Research Agreement (SRA), Centocor: "Evaluation of the 
anti-thrombotic profile of Reo-Pro and Retavase in animal model of pulmonary 
microembolism" (direct cost: $38,000, total cost: $60,000) 

■ 1998-2003, Project Leader, Project 4, NIH HLBI SCOR in Acute Lung Injury: 
"Augmentation of antioxidant defenses by immunotargeting", Project 4, direct cost 
$705,788, total cost $1,1 15,146 (A.B.Fisher, Program Director, 1 P50 HL60290-01) 

Co-Investigator on grants of other Pis: 

■ 1994-1998, co-Investigator, NIH HLBI ROl Grant: "Ishemia-Reperfusion Injury to 
Lung" (A.B.Fisher, PI). 

■ 1999-2004, co-Investigator, NIH HLBI ROl "Structure-function analysis of the 
human urokinase receptor" (D.Cines, PI) 

Sponsor or preceptor : 

■ 1998-1999, Dr. J.Murciano, a Recipient, NATO Research Postdoctoral Fellowship 
"Selective targeting of fibrinolytic agents to the vasculature", (stipend $25,000) 

■ 1999-2001, Dr. J.C.Murciano, a Recipient, Spanish National Fellowship Foundation, 
Postdoctoral Research Grant "Delivery of plasminogen activators to the pulmonary 
vasculature" (total stipend $40,000) 
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■ 2000-2001, Dr. T.Sweitzer, PI, PENN IHGT Pilot Grant, "Nuclear targeting of non- 
viral nucleid acid vectors" (direct cost: $45,000) 

■ 2001-2002, Dr. S.Muro, a Recipient, Fundacion Ramon Areces Fellowship (Spain) 
for a Post-Doctoral fellowship abroad the country, Section: Natural Sciences: 
"Immunotargeting of conjugates to the endothelium: applicability for drug, enzyme 
and gene therapy" (total stipend $48,000) 

Currently funded: 

Principal Investigator 

■ 2001-2005, National AHA Bugher Stroke Award #0170035N, 
"Thromboprophylaxis of cerebral microembolism", total cost $400,000 

■ 2001-2005, NIHLBI, ROl HL66442-01 "Thromboprophylaxis in the surgical 
settings", direct cost: $700,000, total cost $1,109,000 

■ 2002-2006, Department of Defense Research Grant DAMD 17-02-1-0197 (PR 
012262) "Targeting of drugs to ICAM for treatment of acute lung injury", direct cost 
$829,683, total cost 1,283,287 

■ 2002-2006, NIHLBI RO-1 HL71175-01 "Drug Targeting to ICAM-1", direct cost: 
$900,000, total cost: $1,344,600 

■ 2003-2005, Sponsored Research Agreement with EluSys Therapeutics, Inc.,: 
"Synthesis and characterization of anti-CRl/tPA conjugate" (direct cost: $169,144, 
total cost: $260,000) 

■ 2004-2008, NHLBI ROl HL073940-01-A1 "Augmentation of antioxidant defenses 
by immunotargeting" (score 156, percentile 6.1%, funding decision pending, 
projected time: direct cost: $1,000,000, total cost: $1,585,250). 

■ 2004-2009, NHLBI ROl HL078785-01 "Nanocarriers for delivery of antioxidants to 
endothelium" (direct cost $1,000,000, total cost $1,585,250) 

Sponsor: 

■ 2004-2009, Dr. J-C.Murciano, a Recepient, Fundacion Ramon y Cajal Award 
"Targeting of anti-thrombotic agents in the vasculature" (A five-year fellowship in 
Cardiovascular Research Center, Madrid, Spain) 

■ 2004-2008, Dr. S.Muro, National American Heart Association Scientist Development 
Grant "Endothelium-Targeted Enzyme Replacement Therapy for Lysosomal Storage 
Disorders", $260,000 direct costs 

■ 2004, Dr. T.Dziubla, "New Methoxy-Poly(Ethylene Glycol)-Poly(Lactone) Di-Block 
Copolymers For The Synthesis Of Nanoparticles With Acid Accelerated Degradation 
Profiles", NTI Seed Grant ($30,000) 

Pending: 

Principal Investigator and Lead Investigator 

■ 2005-2010, Project Leader, Project 4 "Nanocarriers for delivery of antioxidants to 
endothelium" (NHLBI POl "Reactive oxygen species and antioxidants in ALI", 
A.B.Fisher, Program Director, submitted 02/01/04, an alternative ROl HL078785-01) 
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Editorials in peer-reviewed journals on Muzykantov's publications: 
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pathway induced by clustering endothelial ICAM-1 or PECAM-1", ibid, 2003; 
1 1 6(Pt 8) : 1 599- 1 609 (V.Muzykantov, corresponding author) 
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Biotechnology, 2003, 21:392-398, V.Muzykantov, corresponding author) 
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through selective dissolution of nascent clots by tPA-carrying erythrocytes", ibid., 
2003, 21 :891-896 (V.Muzykantov, corresponding author). 
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9:688, the highlight of the above paper of Murciano et al 
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03/29/03 "Breath Easier", Editorial comments in New Scientist p.27, on the same paper 
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Extracurricular Activities: Writing songs (lyrics and music) since 1977. 

Composed more than 150 songs, including 10 songs on verses of other poets. 

Book of lyrics for the authored songs "Dances on a fire" (Moscow, 1993) 
Numerous songs published in the Russian "Author's songs" almanachs in 1991-2001. 
Five selected songs included in the academic edition of "The Antology of Russian 
Author Songs", Moscow, 2002 (D A.Sukharev, Editor). 

Recorded two laser CD albums with solo singing of his songs : 
"The Mirror" (New York, 2001) 
"Cosmopolitan" (Philadelphia, 2003) 

Six songs from "The Mirror" and "Cosmopolitan" have been included in compilation 
CD albums: 

"Russian Bards in America" (New York, 2002) 

"Guitar goes around" (Moscow, 2003) 

"Remember - it happened at a seaside. . ." (Moscow, 2004) 

A dedicated CD album "15 songs of Vladimir Muzvkantov" (Moscow, 2004, 
producer L.Cheboksarova) 

Features selected Muzykantov's songs performed by famous Russian bards and actors 
V.Zolotukhin, E.Kamburova, V.Mischuk, A.Kozlovsky, A.Ivashenko, D.Bogdanov, 
B.Kiner, M.Zitrinyak, G.Dudkina, O.Mityaev, E.Frolova, V.Egorov, L.Sergeev and other. 

More than 10 songs have been recorded by professional singers on their CDs : 

Lidya Cheboksarova "People of Dry Ways" (Moscow, 1998) 

Lidya Chboksarova "A Pantomima" (Moscow, 2000) 

Leon Pozen "Winter Waltz" (Seattle, 2001) 

Vadim and Valiry Mischuk "Our favorite songs" (Moscow, 2001) 

Lidya Cheboksarova "The Third" (Moscow, 2003) 
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Endothelial cells internalize monoclonal antibody - v ^ ^ ^ 
to angiotensin-converting enzyme v< ?"^> 

t^ef^Lntal Medicine and Department of Begin*. School of Med^ne, 
University of Pennsylvania, Philadelphia, Pennsylvania .9104 

injection (8, 20, 23'. MAb 9B9 does not fix complement, 
does not inhibit ACE enzymatic activity, and does not 
induce endothelial injury either in vitro or in vivo <5). 
Thus MAb 9B9 appears to be a safe and specific carrier 
for dm" targeting to the pulmonary endothelium (21). 

In the present study we address the possibility of 
ACE internalization in the vascular endothelium. This 
issue is important in terms of vascular biology because 
of the kev role of ACE in the regulation of vascular tone 
(10) as well as in terms of drug targeting, because 
internalization would be important for the action of 
some drugs (27 1. However, very little is known about 
internalization of ACE or ACE ligands, ACE recycling 
in the endothelial cells, or the effect of ACE ligands on 
ACE internalization. ACE is a transmembrane glycopro- 
tein that is not considered to possess receptor or 
signaling function; the only accepted pathway of ACE 
metabolism in the plasma membrane is its shedding to 
the extracellular medium (10, 26 1. Several previous 
publications have addressed turnover of membrane- 
associated ACE. albeit indirectly. For example Johnson 
and Erdos ■ 15. in early work demonstrated that endo- 
thelial cells in culture do not bind or internalize 
radiolabeled ACE. Some authors consider this as evi- 
dence against ACE turnover in the plasma membrane 
(24', although uptake of exogenous ACE may be irrel- 
evant to membrane turnover and recycling of ce lular 
ACE One recent study suggested that endothelial cells 
"do not internalize monoclonal antibodies to ACE, be- 
cause cvtochalasm B failed to inhibit antibody- induced 
enhancement of ACE shedding from cultured eels .3). 
This result, however, may be irrelevant to AC b turn- 
over in the plasma membrane, since ACE shedding and 
internalization may have different mechanisms The 
possibilitv of antibody uptake by endothelial cells has 
not vet been evaluated, and there are no reported 
studies of internalization of ACE ligands, ACE sub- 
strates. ACE inhibitors, or ACE antibodies. Therefore, 
issues about membrane turnover of ACE (constitutive 
or ligand-induced) and internalization of ACE ligands 
still need to be elucidated. 4 w 4 . nT3n 

To clarify the potential of anti-ACE MAb 9B9 as an 
affinity carrier for intracellular targeting to the pulmo- 
nary endothelium, we have studied its .interaction i with 
cultured human umbilical vein endothelial cells (HUV bU 
and with rat pulmonary endothelium both m vivo and 
in the isolated perfused rat lung (IPL). Our results 
demonstrate that I ) endothelial cells internalize MAb 
9B9 2 1 MAb 9B9 does not undergo significant degrada- 
tion' within the endothelial cell after internalization 
and 3 ; subcellular fractionation of lung after MAb 



Muzykantov, Vladimir R., Elena N. Atochina, Alice, 
Kuo, Elliott S. Barnathan, Kathy Notarfrancesco, Henry; 
Shuman, Chandra Dodia, and Aron B. Fisher. Endothe- 
lial cells internalize monoclonal antibody to angiotensin-; 
converting enzyme. Am. J. Physiol. 270 [Lung Cell. MoL 
Phvsiol. 14): L704-L713, 1996.— We investigated the fate ot 
MAb 9B9, a monoclonal antibody to angiotensin-converting 
enzvme lACE>, which binds to endothelium both in vitro and 
in Wvo. Using cultured human umbilical vein endothelial 
cells i HUVEC) and isolated perfused rat lungs (IP L>. we 
demonstrated specific and saturable binding of «*I-labeled 
MAb 9B9 at 4°C [affinitv constant :K d ) = 20-50 nM, maximal 
number of binding sites iBJ = 1-5-3-? x 10» sitestelU. 
When lM I-MAb 9B9 was bound to HUVEC at 3i°C, only 40* 
of cell-associated radioactivity was acid elutable, suggesting 
antibody internalization. This was confirmed t* finding that 
; ■ the amount of MAb 9B9 uptake at 37'C>was higher than at 
4'C both in HUVEC and IPL; 2. binding of '^-labeled 
nreptavidin with HUVEC and IPL pretreated with biotinyl- 
ated MAb 9B9 <b-MAb 9B9' was diminished I in a tempera- 
ture- and time-dependent fashion at 37°C: and 3) b-MAb 9B9 
Sound to HUVEC at 37°C was found intracel ularly by 
ultrastructural analysis using streptavidin gold. Intracellu- 
lar 125 I-MAb 9B9 was found in microsomal fractions ot lung 
i-omoeenate from IPL and after intravenous (iv. injections m 
rats. Degradation of internalized MAb 9B9 was minimal, 
since >90% of cell-associated : - 5 I label remained precipitable 
bv trichloracetic acid in HUVEC. IPL. and in vivo. Autoradiog- 
riphv of sodium dodecyl sulfate-polyacrylamide gel electropho- 
resis^ lung homogenates made as late as several days after 
iv injections of ™l-WAb 9B9 in rats demonstrated a predomi- 
nant band above 140 kDa. These data indicr.ce that endothe- 
IW1 cells either in vitro or in vivo internalize the ACb ligand 
\L\b 9B9 -without significant intracellu.; '-gradation. There- 
fore MAb 9B9 may be useful for selective intracellular 
delivery of drugs to the pulmonary vascular endothelium 
after systemic administration. 

drug targeting; vascular biology: lung; pulmonary vascula- 
ture; angiotensin-converting enzyme turnover; rats 



vn-giotensin-converting enzyme <ACE> is a carboxydi- 
peptidase localized in the plasma membrane of the 
vascular endothelium and some other cell types UU). 
\CE converts angiotensin I into a potent vasopressor, 
angiotensin II, and inactivates bradykinin, substance 
P and other vasoactive and neurotransmitter peptides 
. l >8) Because of its location, ACE could serve as a target 
molecule for drug targeting to the pulmonary vascular 
endothelium. MAb 9B9, a monoclonal antibody to ALL 
accumulates selectively in the lungs of various animal 
species after systemic administration i9>. Various com- 
pounds conjugated with MAb 9B9 accumulate selec- 
tively in the lungs of laboratory animals after systemic 
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uptake indicates accumulation of the antibody in the 
microsomal fraction, 

MATERIALS AND METHODS 

Streptavidin and 6-biotinylaminocaproic acid A T -hydroxy- 
succinimide ester -'BxNHS; were obtained from Calbiochem 
(San Diego, CA); iodogen was obtained from Pierce (Rockford, 
IL);Na 12s I was obtained from Amersham (Arlington Heights, 
ID; streptavidin-gold. dimethyl formamide (DMF), fluores- 
cein isothiocyanate -FITGj. trichloroacetic acid (TCA) ? and 
normal mouse immunoglobulin 'Tg)G were obtained from 
Sigma (St. Louis, MO): fatty acid -free bovine serum albumin 
(BSA> was obtained from Boehringer-Mannheim (Indianapo- 
lis, IN); cell media and supplementary materials were ob- 
tained from GIBCO Life Technology 'Gaithersburg. MD). 

Labeling of antibody. MAl 9BP and control mouse IgG were 
biotinylated with BxNHS a; biotin-to-IgG molar ratio of 10 
(b-MAb 9B9 i as described ' 22 ; This- previous study confirmed 
that b-MAb 9B9 displays function a] activity similar to that of 
nonbiotinylated MAb 9B9 [22 1 MAb 9B9 and IgG were 
labeled with 125 I using iodogen-coated tu'""- according to the 
manufacturer's recommendations. Specify radioactivity was 
in the range of 0.3-1.0 > 10* counts per minute (cpm'/ug of 
protein; 989c of radioactivity was TCA precipitable. MAb 9B9 
and IgG were labeled with FITC •FITC-to-IgG molar ratio of 
50; as described \2k Excess label 'biutin. isotope, or FITO 
was removed by Sephadex G-25 gel-filtration. 

Interaction of radiolabeled MAb 9B9 with cultured human 
endothelial cells. We used HLTEC obtained and cultured as 
described previously (14;. Medium 199 = M199< containing 
2G<% heat-inactivated fetal calf serum, growth factors, hepa- 
rin, and antibiotics (M199 supplemented' was used for cul- 
ture and incubation procedures. Cells were passaged two to 
four times, subcultured onlc 96-well microtiter plates using 
trypsin-EDTA mixture, and allowed to reach confluence for 
24 h. For an estimation of cellular binding, 1Z5 I-MAb 9B9 or 
control l25 I-lgG was added to washed cells in M199 containing 
0.29c BSA and incubated for the indicated time at 4°C. .After 
cells were washed, cells were detached using trypsin-EDTA 
mixture, and cell-associated radioactivity was estimated in a 
gamma -counter. To estimate the specificity of binding, nonla- 
beled MAb 9B9 was coincuhated in wells with 125 I-MAb 9B9. 
Specific binding of MAb 9B9 was calculated by subtraction of 
nonspecific binding (i.e., 125 l-MAb 9B9 binding in the pres- 
ence of nonlabeled MAb 9B9j from the total binding (i.e., 
l25 I-MAb 9B9 binding in the absence of nonlabeled MAb 9B9 ). 

lb determine uptake of MAb 9B9 by the endothelium, 
confluent cells were incubated with 125 I-MAb 9B9 for the 
indicated time at 37 e C. Radioactivity bound to the cell surface 
^as released by incubation with acidic buffer, as described 
previously (14). Briefly, after cells were washed of nonbound 
radioactivity, cells were incubated with 50 mM glycine in 100 
mM NaCl solution, pH 2.5 * 15 min at 20°C). There was no cell 
detachment after this procedure, according to examination by 
light microscopy. After collection of eluates from glycine- 
treated cells, cells were detached by incubation with trypsin- 
EDTA. Glycine-eluted radioactivity ' i.e., radioactivity of gly- 
cine eluates i and cell-associated radioactivity ti.e,, 
radioactivity of trypsin -EDTA extracts' were estimated in a 
gamma counter and added to calculate total radioactivity. 
Percent internalization was calculated as = (total radioac- 
tivity - glycine eluted ' >: 100/totai radioactivity 

To determine degradation of antibody and detachment of 
fadiolabel from the antibody, we used a standard assay of 
^CA-solubk radiolabel described previously (22 ;. Briefly. 50*7, 
*CA was added to surface-associated radiolabel (glycine 
e hiates - and to cell-associated radiolabel 'trypsin-EDTA ex- 



tracts in the presence of 10 mg/ml BSA as a carrier protein 
• final TCA concentration was 109c. After 1-h incubation at 
4°C, samples were centrifuged at 2.000 rpm for 30 min and 
radioactivity in the pellet and supernatants was estimated. 
The percentage of TCA-soIuble radiolabel ti.e., percent degra- 
dation' was calculated as 9c = (supernatant radioactivity! x 
100/tota! radioactivity. 

To determine kinetics of antibody dissociation and release 
from HUVEC to the medium, confluent cells were incubated 
with 1 ug of !25 I-MAb 9B9 for 2 h at 37°C. After elimination of 
nonbound antibody, cells were incubated for indicated time at 
37°C and then radioactivity in cell medium and in cell- 
associated fractions was determined. Assay of TCA -soluble 
radiolabel in the medium was performed as described above. 

interaction of 125 1 -labeled streptavidin with cultured endo- 
thelial cells treated with b-MAb 9B9. Streptavidin was radio- 
labeled with 125 1 and its activity was assessed as described in 
our previous study '20 ). To estimate binding of ^^-streptavi- 
din, confluent cells were incubated with b-MAb 9B9 or b-IgG 
for 2 h at 4°C. After elimination of nonbound immunoglobu- 
lins, cells wert incubated for 40 min at 4°C with 125 i- 
streptavidin. washed, detached from plastic with trypsin- 
EDTA mixture, and cell-associated radioactivity was 
determined. In a second series of experiments, cells were 
incubated with b-MAb 9B9 for 3 h at 37°C or 4°C and. after 
washing, binding of r - >5 I -streptavidin was determined at 4°C. 
In a third experiment, cells were incubated with b-MAb 9B9 
for 2 h at 4°C. After cells were washed, cells were incubated 
for indicated time at 37 °C to allow antibody internalization, 
and then binding of 125 I -streptavidin was determined 

Visualization of internalization of b-MAb 9B9 by cultured 
endothelial cells using streptavidin-gold. Hl~\*EC cultured iii 
24- well Multiwell plates were incubated with b-MAb 9B9 
(1 pg/wel! in 0.3 ml of M199, 3 h at 37°C,'. washed, and 
permeabilized by 20-min incubation at 37 C C with 0.059 
Tween-20 [added in 1 ml of Dulbeccos phosphate-buffered 
saline (PBS/, pH 7.4 per well]. Cells in control wells were not 
permeabilized (incubation with Dulbecco's PBS onlyj. Cells 
were washed with Dulbeccos PBS and incubated for 1 h at 
room temperature with 10 nm streptavidin-gold particles. 
After cells were washed of nonbound streptavidin-gold par- 
ticles, cells were fixed with 49c paraformaldehyde in PBS. Cell 
morphology was examined by phase-contrast microscopy, 
while streptavidin-gold particles were visualized by micros- 
copy in bright field. 

Perfusion of isolated rat lungs. Sprague-Dawley male rats 
(Charles River Breeding Laboratories, Kingston. XY), weigh- 
ing 200-300 g, were anesthetized with intraperitoneal injec- 
tion of pentobarbital sodium (50 mg/kg/. Anesthetized rats 
were ventilated through a cannula placed at the level of the 
tracheal carina by the humidified gas mixture of 9o9e air-5^ 
COo. Ventilation was performed using a rodent ventilator 
(Harvard Apparatus, Millis. MA) at 60 cycles/min. 2-ml tidal 
volume, and 2 cmH 2 0 end -expiratory pressure. The thorax 
was opened, the pulmonary* artery was cannulated via the 
right ventricle, and the left atrium was transected for the 
collection and recirculation of the perfusate. Lungs were 
isolated, cleared of blood in a single pass perfusion for 5 min, 
and placed in the isolated lung perfusion apparatus. Lungs 
were perfused with Krebs-Ringer bicarbonate iKRB) buffer, 
containing 10 mM glucose and 39 f ( wx'Vo! ; fatty acid-free BSA 
(pH 7.4 at a flow rate of 10 mL'min using a peristaltic pump 
( Harvard Apparatus m 1 3 ). 

To study the interaction of MAb 9B9 with IPL. 1 pg of 
•-l-MAb 9B9 or 12 -'I-lgG was added to the perfusate. After 
recirculation with antibody-containing perfusate for indi- 
cated time at room temperature, the lungs were perfused in a 
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single-pass mode for 5 min with KRB-BfcA that did not 
contain ar.t.bodv. Langs were removed from the chamber, 
rinsed w lt h saline, weighed, and radioactivity was estimatea 
:n a gamma-counter. In a separate experiment nor^abeled 
\[Ab 9B9 was added to perfusate with 1 ug of '- 5 I-MAb 9B9. 
and tissue uptake of radiolabel was assessed as descnbed 

'Tvisualize the uptake of circulating MAb 9B9 in IPL . 50 
ug of FITC-labeled .VL\b 9B9 or FITC-!abeied IgG was added 
'0 the perfusate. After a recirculating perfusion of 1 h at i - U 
the lungs were perfused with KRB-BSA in a 3uigle-pass mode 
for 10 min Then lungs were perfused for 5 min at room 
temperature with 49c paraformaldehyde in 0 1 M cacodylate 
buffer. After further fixation in a vial with the same fixative 
for 3 h, lungs were washed with 0.1 M cacodylate buffer 
dehydrated in graded ethanol. embedded in PolyBed 312 
epoxy, cut into 2-um sections, mounted on glass slides, and 
examined by confocal microscopy. 

To estimate the disappearance of MAb 9B9 from the 
luminal surface of the pulmonary endothelium, we deter- 
mined binding of '"I-streptavidin in IPL after perfusion of 
b-MAb 9B9. For this purpose, lungs were perfused in a 
recirculating mode with KRB-BSA containing 10 ug of b-MAb 
9B9 or b-IgG for 40 min at 37'C. Then the ^ 
perfused in a single-pass mode for 5 min with KRB-BSA that 
did not contain antibody. Lungs were then perfused with 
KRB-BSA bv recirculation at 37°C. At indicated times - I- 
streptavidin' was added to the perfusate and perfused by 
recirculation for 20 min at 37°C. Finally, nonbound streptavn- 
din was removed bv perfusion with KRB-BSA in a single-pass 
mode for 5 min, and radioactivity in the lung tissue was 

determined. 

To determine the kinetics of antibody dissociation and 
release from the lung tissue, lungs were perfused with 1 ug ot 
'■"I-labeled b-MAb 9B9 for 40 min at 37'C. Excess antibody 
was removed by perfusion with KRB-BSA in single-pass 
mode for 5 min. Lungs were then pertused with RRB-tSSA by 
recirculation at 37'C. At indicated times, lungs were perfused 
with KRB-BSA in a single-pass mode for 5 min. and radioac- 
tivity in the lung tissue was determined. 

Distribution of MAb 9B9 in subcellular fractions of the lung 
tissue komogenate. Lungs were perfused with 10 ug of radiola- 
beled MAb 9B9 for 1.5 h at 37°C. as described above. 
Vonbound \L\b 9B9 was removed by perfusion with KKtf- 
BSAih a s-ngle-pass mode for 10 min. At the end of perfusion, 
iuhgs were immediately frozen in liquid nitrogen ana stored 
at -70°C Lung tissue Komogenate and subcellular fractions 
were prepared by sucrose gradient centrifugation as de- 
scribed previously .12). The purity of subcellular fractions 
was characterized with assays for NADPH-cytochrome c 
reductase 1 25' and 5-nucleotidase ■ V. Protein concentration 
in fractions was determined by Bio-Rad micro-protein assay 
using Coomassie blue and bovine IgG as standard, according 
to the manufacturer's recommendation. Radioactivity _ in the 
fractions of the homogenates of lungs perfused with -I-MAb 
9B9 was determined in a gamma-counter and expressed as 
counts per minute per milligram of proteinic characterize 
radiolabeled proteins in the lung tissue after perfusion of 
w*I-MAb 9B9, fractions of homogenate were analyzed Dy 
nonreducing sodium dodecyl sulfate t SDSVpolyacrylamide. 
gel electrophoresis (PAGE), electroblotting to nitrocellulose. 
Lid autoradiography of nitrocellulose filters (30 1. To obtain 
detectable radioactivity levels in the filters after electropho- 
resis and blotting, we loaded 200-400 ug of protein/lane of 
1 5 mm 9< 7 r =rel with 3% stacking gel. . 

Biodistribution and pulmonary accumulation ot radiola- 
beled or b-MAb 9B9 in rats. 125 I-.\L\b 9B9 <5 ug/raf was 



■niected via tail vein in rats under intraperitoneal pentobaroi- 
'al anesthesia ' 50 mg/rat). At indicated times after injection, 
animals were exsanguinated and internal organs and blood 
were collected. Biodistribution of radioactivity was deter- 
mined by counting of iodine isotope in ,f a " n ? a ^? te . r in 
rinsed organs and in blood. .Analysis ot '«I-MAb 9BS in lung 
tissue from rats after injection in vivo estimates of radioactiv 
itv TCA-soluble radiolabel. and SDS-PAGE of tractions of the 
lung homogenate) was performed as described above for IPL 
experiments. 

RESULTS 

Vf 46 9B9 binding to endothelial cells in cell culture, 
in isolated perfused rat lung, and in rat lungs after m 
vivo administration. In the first series of experiments 
we characterized MAb 9B9 binding in three models: 
cultured endothelial cells (Fig. LA), isolated perfused 
rat lungs (Fig. IB ), and after intravenous injection in 
rats (Fig IC). An immunospecificity index [ISI; defined 
as the ratio of uptake of 125 I-MAb 9B9 vs. -I-IgG r 21 L »1 
was calculated to compare the specificity of antibody 
binding in these models quantitatively. In HUVEC 
i^I-MAb 9B9 binds to cells with ISI equal to 10 
(Fig. LA). Nonlabeled MAb 9B9 inhibits binding of 
125 I-MAb 9B9 by 80%, confirming the specificity of MAb 
9B9 binding to HUVEC. In IPL. '^I-MAb 9B9 accumu- 
lates in rat lung tissue with ISI equal to 40 'Fig. LBi. 
After intravenous injection, '«I-MAb 9B9 accumulates 
selectively in the rat lungs with pulmonary ISI 'calcu- 
lated by dividing the lung-to-blood ratio of l - a I-MAb 
9B9 by that of -"I-IgG- equal to 20. In a separate 
experiment we perfused FITC-labeled MAb 9B9 in 
isolated rat lungs. This procedure led to specific 'as. 
compared with FITC-IgG) pulmonary uptake of fluores- 
cent label 'Fig. 2>. Confocal microscopy of tissue sec- 
tions after FITC-MAb 9B9 perfusion in rat lung shows 
a bright fluorescent labeling of endothelial cells (Fig 
2A i Thus presented data confirm specific binding of 
MAb 9B9 to endothelial cells in culture and in rat 

interaction of 25 l-MAb 9B9 with cultured hu an 
endothelial cells. To inhibit uptake of cejl-bouna cuiti- 
bodv by cells, we studied the binding of MAb 9B9 t 
HUVEC at 4°C "I-MAb 9B9 demonstrates saturable 
binding to HUVEC at VC. inhibitable by addition of 
nonlabeled MAb 9B9 (Fig. 3). In the experiment shown 
in Fig. 3, affinity constant <# d ) and maximal number ot 
binding sites <B m .^ estimated by Scatchard plot were 
40 nM and 13 * 10 5 antibody molecules/cell. Hot 
preparations of "»I-MAb 9B9 used in HUVEC (second 
to fourth passages'. £ a varied in the range 20-oO nM 
and B m „ varied in the range of 1.3-3.2 x 10» sites/cell 
(data not shown). . 

We next studied whether HUVEC internalize MAb 
9B9 by comparing uptake at 37°C and 4°C At eqmliD- 
rium, which was reached in 150-200 min, the cells took 
up 492 - 16.7 vs. 93 r 16.5 pg ™I-MAb 9B9/well at 
37°C and 4°C, respectively, indicating active cellular 
uptake of cell-associated antibody. Using a glyane- 
elution assay, we estimated the fraction of cell- 
associated radiolabel that could be released into the 
medium after incubation of HUVEC with ^I-MAb 9B9. 
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Fig. 1. Comparison of the specific! ry of binding of 125 I-labelec MAb 9B9 with endothelial cells in three experimental 
systems. A. cultured human umbilical vein endothelial cells * HUVEC < wert incubated with 0.5 ug of radiolabeled 
immunoglobulin Ug»G \lefi or N'.-\h 9B9 iMab; iright) for 3 h at 4°C. After u\.-hing. radioactivity in well? was 
determined -.solid bars.. Open bars, cells were incubated with 0.5 ug of radiolabei~c 5 MAb 9B9 or IgG in the presence 
of 30 jig of nonlabeled MAb 9BP or IgG Data are presented as bound antibody 'well, means ~ SD, n - 3 B: isolated 
perfused iung 'IPL : . Fresh isolated Vat lungs were perfused for 1 h with recirculating perfusate containing 1 pg of 
radiolabeled IgG (solid bar or MAb 9B9 (open bar; After perfusion, nonbound radioactivity was eliminated by a 
single-pass perfusion of antibody-free or IgG-free perfusate for 5 min Data are presented as a percentage of 
perfusate radioactivity accumulated in the lung/g of tissue, means r SD. n = 3. C: in vivo administration Normal 
rats were injected through tai' vein with 0.5 m! of PBS-BSA containing 1 pg of radiolabeled IgG {left) or MAb 9B9 
{right ). One hour after injection animals were killed and radioactivity in the blood \ solid barst and in the Jung? 
(open barsi was determined. Data are presented as a percentage of injected dose/g of tissue, means - SD. n = 3. 



Incubation of HUVEC with 325 I-MAb 9B9 at 37°C led to 
time-dependent reduction of radiolabel released by acid 
treatment. After incubation for 120 min, 52.3 — 5.9^ 
vs. 97.5 z: 0.5^ of the cell -bound radioactivity was 
released by glycine buffer at 37°C and 4°C, respectively 
(Fig. 4). Therefore, there is a time-dependent disappear- 
ance of 125 I-.MAb 9B9 from the cell surface at physiologi- 
cal temperature. 

We also studied kinetics of 125 I release into the 
medium from HUVEC-treated 125 I-MAb 9B9 at 37°C. 
During 90 min of cell incubation at 37°G in the antibody- 
free mediurri, only 6.7 :t 0,8^ of cell -associated radioac- 
tivity was released to the medium, while 93 ~ 4% 
remained associated with cells. Of the released radioac- 



tivity. 76 = loty was TCA-soluble. This value is equal to 
-4% of total cell-associated radioactivitj*. 

It is noteworthy that the percent of internalization 
was independent of the dose of 125 I-MAb 9B9 incubated 
with HUVEC at 37°C; over the range of 75-1,000 ng of 
antibody/well, 55-56^ of the antibody was internal- 
ized. The percent of TCA-soluble radiolabel from the 
membrane and intracellular compartments was inde- 
pendent of dose in this range il-49c and 5^7%, respec- 
tively.'. 

Internalization ofb-MAb 9B9 ky cultured endothelial 
cells- As a second approach to estimate MAb 9B9 
internalization by endothelial cells. w r e studied binding 
of 125 I-streptavidin to cells pretreated with b-MAb 9B9. 




fig. 2. Visualization of tissue uptake of fluorescein isothioryanate iFrTC ^labeled MAb 9B9 perfused in IPL. 
Confocal fluorescent microscopy of rat lungs perfused with FJTC-conjugated MAb 9B9 \A or FITC -conjugated IgG 
&l FITC-conjugates (50 pg' were perfused in IPL for 1 h a; 37 B C. After 10 min of single-pass perfusion with 
conjugate-free perfusate, lungs were perfused for 5 min with fixative solution 
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Fig 3. BindingofradiolabeledNIAb9B9 with HL-VEC.HU\-EC were 
incubated for 3 h at 4°C with radiolabeled MAb 9B9 ( Z ) or with 
radiolabeled \LAb 9B9 in the presence of nonlabeled MAb 9B9 -.30 
unwell, • Means ire ~SD, n = 3. Inset: calculated specific binding 
of radiolabeled MAb 9B9 to HUVEC at 4°C; axes are the same as for 
the major figure. 



l25 I-streptavidin binds specifically to HUVEC preincu- 
bated at 4*C with b-MAb 9B9 (Fig. 5A). 125 I-streptaw 
din' binding to cells preincubated with b-MAb 9B9 at 
4°C was even higher than its binding to cells preincu- 
bated with b-MAb 9B9 at 37°C (Fig. 55, right k in 
contrast, cellular uptake of 125 I-labeled b-MAb 9B9 was 
higher at 37°C than at 4 3 C (Fig. 5B, left I This result 
indicates that most of the b-MAb 9B9 associated with 
cells at 37°C is inaccessible to streptavidin in the 




W 0 50 100 150 200 

TIME, min 

Fig! 4, Internalization of radiolabeled MAb 9B9 by human endothe- 
lial cells HUVEC were incubated with 200 ng of radiolabeled MAb 
9B9 for indicated time at 4"C ( - • or at 37°C (•>. After washing of 
nonbound antibody, membrane -associated radioactivity was assessed 
bv elution with 50 mM glvcine buffer, pH 2.5. while internalized 
radioactivitv was assessed in trypsin- EDTA eluates. Data are pre- 
sented as surface-associated radioactivity calculated as r t total radio- 
activity see text.. Results are means r SD, n =3. 



medium. We used : --I-screptavid:n to evaluate the 
kinetics of b-MAb 9B9 disappearance from the surface 
of endothelial cells incubated at 37'C after pretreat- 
ment with b-MAb 9B9 at 4'C. Compared with the value 
Immediately after pretreatment with b-MAb 9B9, strep- 
tavidin binding after a chase of I or 2 h was reduced to 
30<* and 10^. of initial level, respectively. Therefore, 
endothelial cells incubated at 37'C internalized b-MAb 
9B9. 

Intracellular uptake of b-MAb 9B9 was visualized in 
HUVEC by microscopy using streptavidin-gold par- 
ticles (Fig. 6). Cells were preincubated with b-MAb 9B9 
at 37°C, permeabilized after washing of nonbound 
b-MAb 9B9. and incubated with streptavidin-gold par- 
ticles at 4'C. This procedure led to accumulation of 
streptavidin-gold particles in endothelial cells iFig. 
6BI Cellular uptake of streptavidin-gold particles was 
dramatically reduced when the permeabilization step 
was omitted (Fig. 6D K indicating that the streptavidin- 
gold particles shown in Fig. 6B were intracellular. 

Binding, internalization, and tissue degradation of 
MAb 9B9 in perfused rat lung. To extend our study to a 
more physiological model, we characterized uptake of 
" l2J I-MAb 9B9ln isolated perfused lungs 'Fig. 7). The 
half-time of ^I-MAb 9B9 uptake in IPL was -30 min 
(Fig 7A), while control 125 I-IgG did not accumulate in 
the isolated rat lungs. * 25 I-MAb 9B9 specifically inter- 
acts with endothelial ACE in IPL. since addition of 
nonlabeled MAb 9B9 to perfusate inhibits binding of 
I25 I-MAb 9B9 in a iose-dependent fashion »not shown). 
Figure IB shows that 125 I-MAb 9B9 uptake in IPL is 
saturable. Linearization of this binding curve in 
Scatchard plot indicates B,„ of 14 ug of MAb 9B9 (i.e., 
-5 x 10 13 MAb 9B9 molecules) per gram of the lung 
tissue. To calculate the B M per cell for MAb 9B9 in the 
rat lungs, we estimated from previously published 
morphometry data that rat lung .'net wt 1.5 g) contains 
-4 x 10 8 endothelial ceils ; 4-. Thus, K d and B max jbr 
l25 l-MAb 9B9 in perfused lungs were - 18 nM and 2.5 x 
10* sites/ceil. 

To <tudv the internalization of MAb 9B9 in IPL, we 
compared the r take of - 5 I-MAb 9B9 in lungs where 
the perfusate :emperature was maintained at 37°C or 
at 8°C. Decrease in the temperature of the perfusate led 
to a marked reduction of accumulation of radioactivity 
in the lung tissue [21.9 = 0.9 a c injected dose <ID)/g vs. 
36 9 r 6 7 ID/g. P < 0.05]. indicating temperature- 
dependent uptake of ^ 5 I-MAb 9B9 by the pulmonary 
endothelium 1 Fig. SA\ Second, we estimated disappear- 
ance of b-MAb 9B9 from the pulmonary vasculature 
using 125 I-streptavidin. After perfusion of 125 I-b-MAb 
9B9 at 37°C and prolonged perfusion of antibody- free 
solution at 37°C, radioactivity was retained in the lung 
tissue (Fig. SB, closed circles). In contrast, after perfu- 
sion of b-MAb 9B9 at 37°C. tissue uptake of l25 I- 
streptavidin was decreased in a time-dependent fash- 
ion during perfusion of antibody-free solution at 37°C 
(Fig. 8B, open circles), indicating b-MAb 9B9 disappear- 
ance from the luminal surface of the pulmonary endo- 
thelium. 
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Fig. 5. Interaction of radiolabeled streptavidin with 
HUVEC pretreated with biotinylated ib-» MAb 9B9. 
.4: HUVEC were incubated for 2 h at 4°C with b-MAb 
9B9 •• Z ■ > or with b-IgG • washed, and incubated 
with radiolabeled streptavidin i500 ng/weli- for 40 
min at 4 C C. B' influence of temperature or cellular 
uptake of I25 I-labeIed b-MAb 9B9 dcfi 1 or binding of 
IW 1 -labeled streptavidin to cells pretreated with 
b-MAb 9B9 fSA. right ). HUVEC were incubated with 
antibody and streptavidin a; ST^C (oper- bars J or at 
4°C isolid bars,. Data are presented as s percent of 
binding of radiolabeled preparation a; 37°C. means- r 
SD.n =3. 



We characterized the subcellular distribution and plasma membrane fraction ( 1.840 cpm/mg i. and the 

evaluated possible degradation of MAb 9B9 in the cytosolie fractioi ; 787 cpm/mg). Radiolabel that wa. : 

perfused rat lungs. The microsomal fraction was en- TCA soluble wa^ 4.59 in the lung tissue homogenate. 

riched in radioactivity '5.080 cpm/mg of protein}, as 109 in the cytosolie fraction. 0.19 in the plasma 

compared with initial homogenate (1.703 cpm/mg;. membrane fraction, and 19 in the microsomal fraction. 
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fig 6. Binding of streptavidin -gold particles to endothelial cells pretreated with b-MAb 9B9 HUVEC were 
incubated fo: 3 h at 37°C with b-MAb 9B9 • 1 ug/wellJ. washed, and incubated further for 1 h with streptavidin-goid 
Particles at 4 fc C. After fina: washing, celif were fixed by incubation with paraformaldehyde. .4 and B after washing 
°f nonbound b-MAb 9B&. HUVEC were perm eabili zed by detergent C and D: cells wert no; permeabilized A and C. 
Phase contrast, B and D. visualization of strepta\idin-go)d particles m bright field. 
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Ftg. 7. Specific pulmonary accumula- 
tion jf radiolabeled NL\b 9B9 ;n -.so- 
laced perfused rat lungs IPL. perfusion 
at room temperature 1 . A: kinetics of 
pulmonary uptake of radiolabeled NlAb 
9B9 • and IgG • T > m IPL. shown ad a 
percent of perfused radioactivity/g of 
the lung tissue, means r 3D. n - 4. SD 
values for IgG binding are smaller than 
symbols. B: dose dependence of pulmo- 
nary uptake of radiolabeled MAb 9B9 
in IPL'40-min perfusion', means z SD. 
n = 3. 
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Thus, as in HUVEC, the total percentage of TCA- 
soluble radiolabel in IPL did not exceed 5- 109c. We 
characterized the radiolabeled protein in fractions of 
the lung tissue homogenate obtained from IPL perfused 



with i25 I-MAb 9B9 for 1.5 h at 37°C..For this purpose, 
the fractions were analyzed by autoradiography after 
nonreducing SDS-PAGE (Fig. 9A » and electroblotting 
to nitrocellulose (Fig. 9B >. In all fractions, only one 



Fig. 8. Tissue uptake of MAb 9B9 in IPL A: comparison 
of pulmonary uptake of -H-NLVo . J B9 perfused at 37'C 
'solid bar' and 3°C open bar*. Note chat temperature 
was measured in the perfusate and not in the 'ung 
tissue, where it could be higher. Means are - SD. n - 3. 
B. time-dependent reduction n pulmonary uptake of 
: - 5 I-streptavidin perfused .n IPL arler perfusion of 
b-NL\b 9B9. Radioactivity in :he lung tissue after 
perfusion of IPL for 40 mm "*vith I ug : -M-b-MAb 9B9 
following 5-min single-pass perfusion *A"ith antibody- 
free perfusate and an additional recirculating perfusion 
of antibody-free KR3-BSA time of -.his perfusion is 
indicated at r axis ~. . Same protocol until the addition 
of 20- min perfusion of radiolabeled itreptavidin and 
then 5-min single-pass perfusion of streptavidin-free 
perfusate. Data are presented is a percent of pulmonary 
uptake of radiolabel ■■vith :ime ■') at 45 min after the start 
of perfusion, means ~ SD. n = -J. 
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Fig. 9. Characterization of radiolabeled proteins in the rat lung perfused with radiolabeled NL\b 9B9. Radiolabeled 
MAb 9B9 1 10 ug) was perfused in IPL as described in Fig. 8 legend, fractions of lung homogenate were obtained by 
centrifugation as described in materials and methods. A: Coomassie blue staining of SDS-PAGE of the lung 
homogenate ; lane 2 . eyiosol fraction lane ■'} \ microsomal fraction •lane 4 :. and plasma membrane fraction ilane 5 *. 
Lane I: calibration standards. B autoradiography of proteins transblotted to nitrocellulose filter from gel shown in 
A. Arrowheads, origin and front of *el. 
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Table 1. Distribution of radio! cbcl in fractions of the 
lung h am oge n c tcf 1.5 h afic - in rra ven oits in jection of 
radiolabeled rat MAb 9B9 



Fraction 


Radioactivity, cpm mg 


^TCA-soluble label 


Homogenate 


3.975 


2.9 = 0.1 


Plasma membranes 


4.877 


0.92 = 0.04 


Microsomes 


5.6S3 


1.2 = 0.1 


Cytosol 


860 


6.1 = 0.9 



TCA-soJuble data are meant = SD; n = 3 Rat was injected with 10 
pg of b- MAb 9B9 ir tai.' veir. and killed 1.5 h afler injection. Lung5 
wert washed free of blood b> perfusion with saline, isolated, and 
frozen Lung homogenate and fraction? were prepared, and radioac- 
tivity and °k TCA-solubU radiolabel in fractions were estimated as 
described in material*-' ani- methods. 

radioactive band was found = above 140 kDa). No prod- 
ucts of degradation of 3 - r *I-MAb 9B9 were detected in 
any fraction. 

Pulmonary distribution and degradation of MAb 9B9 
injected in rati To evaluate the fate of MAb 9B9 in the 
target organ in vivo, we injected rats intravenously 
with :25 I-MAb 9E9. After intravenous injection, MAb 
9B9 accumulated selectively in the rat lungs f lung-to- 
blood ratio of 14.2 K while control nonimmune isotype- 
matched mouse IgG did not <iung-to-blood ratio of 
0.16). Confirming our previous work (9. 21. 23), there 
w r as no accumulation of !25 I-MAb 9B9 in any organ 
except the lung mot shown*. Table 1 shows distribution 
of radiolabel in fractions of the lung homogenate 1.5 h 
after in vivo injection of 125 I-MAb 9B9. Confirming the 
results obtained in IPL. radioactivity was low in the 
cytosolic fraction f 860 cpm/mg protein* and high in the 
microsomal fraction '5,683 cpm/mg >. The percentage of 
TCA-soluble label was maximal in cytosol and least in 
plasma membrane fraction, confirming results ob- 
tained in HUVEC and IPL. Up to several days after 
intravenous injection of radiolabeled MAb 9B9 in rats, 
radioactivity in all fractions of the lung tissue homog- 
enate was associated with a single band compai ! e . 
with intact IgG. demonstrating the same autoradio- 
graphic pattern as obtained after perfusion of 125 I-MAh 
9B9 in IPL (not shown). 

DISCUSSION 

In the present work we have studied internalization 
of anti-ACE MAb 9B9 by vascular endothelial cells. 
This antibody recognizes a conformational -dependent 
epitope localized on the extracellular domain of ACE 
molecule remote from the active site of ACE (7). MAb 
9B9 possesses unique potential as an affinity carrier for 
selective delivery of drugs to the pulmonary endothe- 
lium of various animal species, including humans (21 /. 
Therefore, the issue of MAb 9B9 internalization is of 
interest in terms of drug targeting, since intracellular 
delivery may be beneficial or necessary for action of 
certain drugs (27;. 

To trace the interaction of MAb 9B9 with endothelial 
cells, we have modified MAb 9B9 by three different 
labels* 125 L FITC, and biotin. Radiolabeled antibody 
w as useful for direct quantitation of cellular binding, 
uptake, release, and degradation of antibody, as well as 



for tracing MAb 9B9 in tissue fractions. FITC -labeled 
MAb 9B9 was used for direct visualization of MAb 9B9 
interaction with lung tissue in isolated lung. b-MAb 
9B9 was useful to study antibody accessibility from the 
lumen after binding to endothelium. This combination 
of tracers allows us to exclude with reasonable cer- 
tainty 1 ) effects of antibody modification on its interac- 
tion with ACE or with endothelial cells, and 2 > metabo- 
lism of label in the endothelial cells or in the lung. 

We have studied MAb 9B9 interaction with endothe- 
lial cells in three different models. The cultured human 
endothelial cell model offers the possibility to study 
wide variations of experimental conditions * dose, kinet- 
ics, temperature) and thus is useful for quantitation of 
binding, uptake, release, and degradation of ligands. 
Isolated perfused lung allows study of interaction of 
antibody with endothelial cells in the whole organ in 
the absence of systemic effects and provides enough 
materia] for isolation of cellular fractions for tracing of 
antibody trafficking in the tissue. In. vivo injection of 
labeled MAb 9B9 is the most physiologica] model, 
providing data on targeting, tissue uptake, distribu- 
tion, and stability of antibody in the target tissue. 
Using these models, we were able to compare formal 
parameters of MAb 9B9 binding in cell culture and in 
the real target organ. Interestingly, parameters of 
binding of radiolabeled MAb 9B9 to target cells in both 
models were similar 'Figs. 2 and 6 >. Thus B maA ibr MAb 
9B9 in both models was in the range of 1.3-5.2 x 10 5 
antibody molecules/cell. 

Our data indicating that MAb 9B9 recognizes a 
variety of endothelial cells correlate well with previous 
data obtained immunochemically by Danilov and co- 
workers (6). In sections of human tissues, MAb 9B9 
appears to stain endothelial cells in every tissue, as 
well as staining some types of epithelial and neuroepi- 
thelial cells (6 1. Thus the apparent selective accumula- 
tion of MAb 9B9 in the lung reflects the distribution of 
endothelial cells in the body; specific pulmonary uptake 
of 30^ of injected dose of radiolabeled MAb 9B9 corre- 
lates with the estimation that ~~30<* of the total body 
vascular endothelium is associated with the pulmonary 
vasculature (16 J. Recent immunomorphological stud- 
ies, however, demonstrated heterogeneity of ACE distri- 
bution in the endothelial cells in the various vascular 
areas '11k Moreover, Ryan and co-authors '29) have 
demonstrated heterogeneity of ACE distribution in the 
rat lungs, using single-pass perfusion of radioactive 
ACE substrates. According to data of Morrell and 
colleagues (19), precapillary and capillary endothelium 
express more ACE than venous endothelium in the rat 
lung. Pulmonary uptake of MAb 9B9 in IPL may, 
therefore, reflect interaction of MAb 9B9 with a virtual 
u median endothelial ceir in the pulmonary* vascula- 
ture, whereas contribution of precapillary- and capillary 
endothelial cells in MAb 9B9 binding may be predomi- 
nant 

The major finding of this work is a positive answer to 
the following question Do endothelial ceils internalize 
MAb 9B9? Our study presents several lines of evidence 
in support of this conclusion. First, cellular uptake of 
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'^l-iabeled MAb 9B9 is higher at 37 C C compared with 
4*C or 3°C, as demonstrated in both HUVEC and IPL. 
Second, cell-associated \L\b 9B9 becomes inaccessible 
to removal from the cell surface after incubation at 
physiological temperature. This has been demon- 
strated by acid elution of radioactivity in HUVEC after 
binding of l25 I-MAb 9B9, as well as by binding of 
125 I-streptavidin in HUVEC and in IPL after pretreat- 
ment of the target with b-MAb 9B9. Third, intracellular 
uptake of MAb 9B9 in the vascular endothelium has 
been demonstrated with streptavidin-gold in HUVEC. 

In the present study we did not address the mecha- 
nisms of MAb 9B9 internalization by endothelium. 
Because internalization did not depend on MAb 9B9 
concentration, it is unlikely that the mechanism for 
internalization was antibody-induced cross-linking of 
ACE in the membrane and cellular uptake of clustered 
antigen. It is well known that the effectiveness of 
antigen cross-linking by antibody depends on the anti- 
gen-to-antibody ratio for formation of immune com- 
plexes that are dose dependent. As an alternative 
mechanism for MAb 9B9 internalization, we suggest 
two possibilities. One possibility is that the ACE mol- 
ecule undergoes constitutive turnover and recycling in 
the endothelial plasma membrane, like some other 
endothelial membrane proteins (3, 17 >. If such constitu- 
tive ACE turnover occurs, ACE could serve as a carrier 
for intracellular transfer of MAb 9B9 bound to the 
endothelial cell. The second possibility is that ACE 
itseif is not normally internalized, but the interaction 
of MAb 9B9 with ACE induces internalization of the 
complex. A recent study demonstrated that binding of 
some monoclonal antibodies to ACE molecule leads to 
its conformational alteration <7\ and a similar change 
mav occur with MAb 9B9. 

While the mechanism of MAb 9B9 internalization by 
endothelial cells remains to be elucidated, MAb 9B9 
internalization by itself is of importance in terms of 
MAb 9B9-mediated drug targeting t-> the pulmonary 
endothelium. From this point of view, the fate of 
internalized antibody is of par- . ilar interest. Our 
study provides several lines of e^ : lence that the major 
fraction of internalized MAb 9B9 remains intact after 
endothelial uptake. First, the TCA-soluble radiolabel 
after l25 I-labeled MAb 9B9 uptake in HUVEC, in 
fractions of lung homogenate in IPL and after in vivo 
administration, did not exceed lO^. Second, SDS- 
PAGE of lung tissue homogenate after injection of 
'^I-labeled MAb 9B9 in IPL or in rats in vivo demon- 
strated radioactivity only associated with a band above 
140 kDa, close to molecular mass of IgG. Third, pro- 
longed pulmonary retention of radiolabeled or b-MAb 
9B9 after in vivo injection and in IPL, as well as modest 
release of cell -associated radiolabel in HUVEC. support 
the conclusion that endothelial cells internalize MAb 
9B9 without marked degradation. Therefore, in terms 
of drug targeting, our results open a new avenue of 
utilization of MAb 9B9 as an affinity carrier for selec- 
tive intracellular delivery of drugs and agents to the 
vascular endothelium. 
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Site-directed pharmacodelivery is a desirable but elusive goal. 
Endothelium and epithelium create formidable barriers to endog- 
enous molecules as well as targeted therapies in vivo. Caveotae 
provide a possible, yet un proven, transcellular pathway to over- 
come such barriers. By using an antibody- and subfractionation- 
based strategy, we generated a monoclonal antibody specific for 
lung caveolae (TX3.833) that targets rat lungs after i.v. injection (up 
to 89% of dose in 30 min). Unlike control antibodies (nonbinding 
or to lipid rafts), TX3.833 targets lung caveolae that bud to form 
free vesicles for selective and quantal transendothelial transport to 
underlying tissue cells in vivo. Rapid sequential transcytosis can 
occur to the alveolar air space via epithelial caveolae. Conjugation 
to TX3.833 increases drug delivery to the lung up to 172-fold and 
achieves rapid, localized bioefficacy. We conclude that: (/) molec- 
ular heterogeneity of the endothelium and its caveolae permits 
vascular targeting to achieve theoretical expectations of tissue- 
specific delivery and bioefficacy; (//) caveolae can mediate selective 
transcytosis in vivo; and (Hi) targeting caveolae may provide a 
tissue-specific pathway for overcoming key cell barriers to many 
drug and gene therapies in vivo. 

Molecular medicine has discovered many new therapeutic 
modalities by using state-of-the-art techniques in molec- 
ular biology. High through-put, in vitro assays that screen for 
pharmacological actions on the desired cell type are frequently 
used to design new drugs. Although such agents are certainly 
justified by their success in vitro, they frequently perform much 
less effectively in vivo where the agent must reach its target cells 
in a tissue in sufficient quantities to be potent while sparing 
bystander organs (1). Depending on the route of administration, 
the endothelium and/or epithelium form significant barriers that 
greatly limit the in vivo accessibility of many drugs, antibodies, 
and gene vectors to their intended target sites of pharmacolog- 
ical action, namely, the cells inside the tissue (1-4). For example, 
poor tissue penetration has hindered many monoclonal antibod- 
ies from reaching their cell-specific antigens to achieve effective 
tissue- or cell-directed pharmaco-delivery in vivo (1, 3-6). 
Moving the target from the tissue cell surface to the surface of 
vascular endothelium has theoretical advantages in tissue- 
specific delivery (7-10). This vascular targeting strategy still 
requires the identification of a tissue-specific target on endo- 
thelium, validation of expected delivery in vivo and, to be useful 
for many therapies, a means by which to enter and even cross the 
vascular wall for access to underlying tissue cells (7). 

The microvascular endothelium in most organs acts as a 
significant barrier to the free passage of bloodborne molecules 
and cells to the underlying interstitium and tissue cells (8, 11). 
Specific transport mechanisms are expected to exist for the 
transendothelial transport of essential circulating blood macro- 
molecules to the subendothelial space to meet the metabolic 
needs of the surrounding tissue cells (8), Continuous endothe- 
lium contains distinct flask-shaped invaginations in the plasma 
membrane called caveolae that are open to the luminal blood 
vessel space where circulating molecules may enter them (12- 
14). These caveolae may provide a trafficking pathway for 
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macromolecules into and possibly across cells (7, 8, 11-14), 
Based on morphological studies showing few plasmalemmal 
vesicles existing free and unattached to other membranes inside 
the cell, some investigators have concluded that caveolae are not 
dynamic but rather static structures (15-18). Yet, caveolae can 
bud from the plasma membrane via a dynamin-mediated, GTP- 
dependent fission process (19, 20), and they contain key func- 
tional docking and fusion proteins (20-24). Whether caveolae 
can traffic their cargo across cells (transcytosis) remains un- 
proven, primarily because comparative analysis has not been 
possible by using probes capable of targeting caveolae with high 
affinity and specificity in vivo vs. physically identical, nontarget- 
ing control probes. The utility of caveolae in overcoming cell 
barriers to facilitate efficient pharmacodelivery in vivo is un- 
known. The molecular composition of caveolae, including pos- 
sible tissue-specific differences, is unknown. 

Methods 

Antibody Production. Monoclonal antibodies were generated by 
standard somatic cell hybridization using 100 ju-g of silica-coated 
luminal endothelial cell plasma membranes (P) as an immunogen 
and were screened by ELISA with P adsorbed onto 96-weIl trays. 

In Vivo Biodistribution Studies. IgG was purified by Protein G 
chromatography (Pierce) and radiolabeled with 125 I using Iodo- 
gen (25). The rat tail vein was injected with 10 u.g of 125 I-IgG in 
500 {A of rat serum albumin (10 mg/ml). After 30 min, the rats 
were anesthetized for thoracotomy, blood sampling by cardiac 
puncture, and organ removal. Tissues were weighed before 
counting 7 radioactivity to determine antibody per g of tissue. In 
initial studies, 51 Cr-labeled red blood cells were injected to 
determine actual tissue uptake by subtracting tissue blood 
volumes. For TX3.833, this correction was negligible, and the 
practice was discontinued. 

Antibody-Au Conjugates. A monodispersed solution of colloidal 
gold (average diameter = 6 nm) (EM Science) was adjusted to 
pH 9.2 with K2CO3 before adding purified IgG and stirring 
rapidly for 30 min. Polyethylene glycol (M T 20,000) was added to 
a concentration of 0.5 mg/ml for the last 5 min. After centrif- 
ugation at 105,000 X g for 1 h at 4°C, the loose pellets were 
collected and resuspended in 5 mM phosphate before dialysis 
against 50 mM Tris during which NaCI was added slowly to a 
concentration of 150 mM. The conjugates were used within 48 h 
of preparation. 



Abbreviations: P, silica-coated luminal endothelial cell plasma membranes; EM, electron 
microscopy; H, tissue homoge nates; V, isolated caveolae; TTI, tissue targeting index; dgRA, 
deglycosylated Ricin A chain; 5 'NT, 5 '-nucleotidase. 
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Tracking Antibody-Au Complexes Perfused in Situ and in Vivo. For the 

in situ experiments, the cranial lobe of the rat lung was perfused 
at 10 mmHg with PBS+ (PBS containing 3% BSA and 14 mM 
glucose) at 37°C followed by 6 ml of TX3.833-Au or control 
mouse IgGpAu in PBS+ (OD 54 o = 18). Pulmonary artery 
perfusion was limited to the cranial lobe by ligature exclusion of 
all other lobes of the lung. After 2, 5, 10, or 15 min, the lobe was 
flushed with 6 ml of PBS + at 37°C before perfusion fixation with 
2% (wt/vol) paraformaldehyde and 2.5% (wt/vol) glutaralde- 
hyde in 0.1 M Na cacodylate (KII). The removed lobe was 
processed for Epon embedding and electron microscopy (EM) as 
described in (19). To track TX3.833-Au in vivo, a TX3.833-Au 
(15 nm) conjugate (500 /ig Ab) was injected directly into rat tail 
veins. After 15 min, the rat was given intramuscular anesthesia 
and, as described above, the lungs were flushed with PBS-f 
followed by KII and processed for EM (19). 

Morphometry. Randomly selected fields were examined and 
recorded at a final magnification of X49,500. As described (13, 
19), an image analyzer (Analytical Imaging Concepts, Roswell, 
GA) was used to determine the number of gold particles in 
caveolae per unit surface of linear plasma membrane (4 /xm) and 
in the interstitium per unit surface area (/xm 2 ) of each compart- 
ment. We also quantified the number of gold particles found in 
>150 well defined, apparently single caveolae (no other con- 
necting caveolae or part of one visible in the section) that were 
clearly attached to the luminal or abluminal plasma membrane 
by their necks. To minimize variability from sectioning, only 
caveolae whose diameter exceeded 50 nm were used. 

Immuno-Conjugations. Conjugation of 125 I to antibody was per- 
formed by using Iodogen (25). Deglycosylated Ricin A chain 
(dgRA) (Sigma) was radio-iodinated (25), reduced with 5 mM 
DTT and filtered through a Sephadex G25 (Amersham Phar- 
macia) column in phosphate-EDTA buffer (pH 7.5). N-succin- 
imidyl-3-(2-pyridyldithio)-propionate (SPDP) and sulfosuccin- 
imidyl 4-(N-maleimidomethyl)cyciohexane-l-carboxylate 
(SMCC) (Pierce) were used to conjugate dgRA or 125 I-dgRA to 
antibody by disulfide linkage or thioether linkage, respectively 
(26). The antibody conjugates were protein G affinity-isolated. 

Results 

Novel Antibody Specific for Lung Caveolae. To identify tissue- 
specific vascular targets and to address whether caveolae can 
function in selective transport in vivo, we generated mouse 
monoclonal antibodies to rat lung P and their attached caveolae 
(22, 27). Our screening identified an IgGi monoclonal antibody, 
TX3.833, that seems to be both tissue- and caveolae-specific. 
Immunoblotting revealed that TX3.833 specifically recognizes a 
90-kDa protein expressed in lung but not in other tissues and 
enriched in lung P relative to the tissue homogenates (H) (Fig. 
1 A and B, and see Fig. 7, which is published as supporting 
information on the PNAS web site, www.pnas.org). Further 
subfractionation of lung P to isolate caveolae (V) showed that 
this antigen is concentrated in caveolae (Fig. IB) similar to 
caveolin-1 but unlike the lipid raft marker, 5 'nucleotidase 
(5 'NT). Densitometry performed under equal protein loading 
conditions revealed >15-foId enrichments for this antigen both 
in P relative to H and in V relative to P (>225-fold in V relative 
to H; n = 3). 1X3.833 antigen also was detected in caveolin-1 - 
coated caveolae isolated from V by using caveolin-1 antibodies 
(28, and data not shown). 

Antibody mapping of P reveals considerable molecular diver- 
sity of endothelia among organs with differential expression of 
transferrin receptor, thrombomodulin, 5 'NT, and caveolin-1 
(Fig. 1A). TX3.833 antigen is only detected in P from lung and 
not other organs. Rat tissue immunostaining confirmed TX3.833 
reactivity in lung alveolar microvasculature but not in bronchial 



TX3L833 1 
TM 1 
5«NT | 
Cav-1 | 

eGOP § 



Skeletal B H P V P-V 

Lung Heart Muscle Brain kidney Liver TX3.833 fif^f^' 
HP HP H P HP HP HP 

i f 'i i i i i " 



1:1' 

i 1 I' I 11 II 

I'J II II II 

PI II II fi 

!J 111! fi 



11 

t.# 
11 

II 

a it is : m i 



26- 





Fig. 1. Characterization of TX3.833. (A) Proteins (10 /xg each lane) from the 
indicated H and P were subjected to Western analysis by using antibodies to 
the indicated proteins as in our past work (22, 27). (fi) Proteins (5 jig) from rat 
lung H, P, V, and silica-coated plasma membranes stripped of caveolae (P-V) 
were immunoblotted by using TX3.833 and monoclonal antibodies to 5' NT 
and caveolin-1 . (O Ultra-thin cryo-sections of rat lung tissue were labeled with 
TX3.833 followed by reporter antibody conjugated to gold particles and were 
examined by EM. Arrowheads indicate endothelial caveolae. (Bar = 90 nm.) 



epithelium, larger pulmonic vessels, or in any blood vessels of the 
heart, liver, brain, kidney, intestine, skeletal muscle, testes, 
spleen, skin, and adrenal (data not shown). More importantly, 
immunogold EM carried out on ultrathin frozen lung tissue 
sections showed that TX3.833 associated predominantly with the 
bulb and necks of the caveolae in microvascular endothelium 
(Fig. 1C, and Fig. 8, which is published as supporting information 
on the PNAS web site) and not clathrin-coated pits or epithelial 
cells (including their caveolae). Larger blood vessel endothelium 
of lung and controls using heart tissue or nonspecific mouse IgGi 
were negative (data not shown). Thus, TX3.833 specifically 
recognizes a 90-kDa antigen that is expressed selectively in 
caveolae of microvascular endothelium of lung but not other 
tissues. 

Tissue Targeting in Vivo. To assess possible tissue-specific immu- 
notargeting in vivo, we injected purified radio-iodinated TX3.833 
or control IgGi into rat tail veins. Different biodistributions for 
each antibody were quite apparent 30 min after injection (Fig. 2 
A and B). TX3.833 showed rapid and substantial lung uptake 
with very little detected in other organs (values less than or equal 
to control IgG) and very low blood levels (10-fold less than 
control). Up to 89% with a mean of 75 ± 6.4% of the injected 
dose of TX3.833 was targeted to the lungs in just 30 min. As in 
past reports (29), the control IgG remained in the blood with low 
tissue uptakes; the liver had the most, apparently because of IgG 
sequestration by F c receptors. The lung tropism of TX3.833 was 
specific because unlabeled TX3.833, but not control IgG, inhib- 
ited lung accumulation by 89% and increased blood levels by 
>15-foId (Fig. 2C). Other antibodies generated in our screen 
recognized endothelial cell surface antigens in several tissues 
and accumulated in vivo in multiple tissues (data not shown). The 
uptake of TX3.833 significantly exceeds past reports describing 
various targeting probes (peptides and monoclonal antibodies), 
sometimes requiring up to 1 week to achieve a maximal tissue 
uptake of 0.2-4% of the injected dose (4, 6, 29-34). Even 24 h 
after injection, 46% of 1X3.833 still remained in the lung. 

Calculation of the tissue targeting index (TTI = antibody in 
tissue per g of tissue per antibody in blood per g of blood) and 
tissue selectivity index (TSI = TTI for targeting IgG per TTI for 
control IgG) confirmed lung targeting of TX3.833 with a mean 
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Fig. 2. In vivo biodistribution of TX3.833. (A) Blood levels and tissue uptake 
of 125 l-labeled TX3.833 and control IgGt (10 /ig) were determined 30 min after 
i.v. injection. The mean value in jxg IgG/g of tissue or blood is plotted with SD 
bars (n & 3). (S) Rats were injected with 1 mg of unlabeled TX3.833 or control 
IgG 30 min before 125 1-TX3.833 (10 ^.g) and assessed for radioactivity in the 
lung and blood, which is expressed as a percentage of signal without unla- 
beled antibody. 



TTI of 56 and TSI of 150. The control IgG lacked targeting with 
TTI < 1 for all organs examined (maximum in liver of 0.36). 
Last, TX3.833 injections into the right vs. left ventricular cham- 
bers produced, even after 15 min, for both injections a TTI >10 
for lung and <1 for other tissues. Thus, TX3.833 lung tropism 
depends not on first pass through the pulmonic circulation but 
rather on the antigen expression restricted to lung microvascular 
endothelium. 

Transcytosis of Antibody Targeting Lung Caveolae in Situ. To assess 
possible targeting to and transport by caveolae of TX3.833, we 
perfused TX3.833 conjugated to colloidal gold particles 
(TX3.833-Au) through the rat pulmonary artery. EM and mor- 
phometry analysis (Fig. 3 and Fig. 4) revealed specific and rapid 
TX3.833-Au targeting to caveolae followed by transendothelial 
transport of the targeted cargo. Within 2-3 min, TX3.833-Au was 
found at the endothelial cell surface mostly bound to accessible 
luminal caveolae, either at their necks (on or near the dia- 
phragm) or penetrating into the bulb of the caveolae (Fig. 3/4, 
arrowheads). Very little-to-no TX3.833-Au was detected in 
caveolae located further inside the cell, attached to the ablumi- 
nal cell surface, in clathrin-coated pits and vesicles or in the 
subendothelial space. After 5 min, penetration of TX3.833-Au 
into the caveolar system increased with many more caveolae 
containing gold particles including those connected at the lu- 
minal surface, further inside the cell, and at the abluminal 
surface (Fig. 3B, arrowheads). Occasionally, gold particles were 
seen inside (and not yet exiting) abluminal caveolae that opened 
onto the subendothelial space (data not shown). By 10 min, many 
gold particles were detected exiting the endothelium from the 
abluminal caveolae into the subendothelial space (Fig. 3 C and 
£>, arrows). The amount of gold in the perivascular space, was 
increasing but remained mostly in the proximity of the basal/ 
abluminal endothelial cell plasma membrane (subendothelial 
space). Gold particles also were observed in racemose caveolar 
structures (Fig. 3C, thick arrow). There was little evidence of 
caveolae-mediated endocytosis to intracellular organelles such 
as endosomes (Fig. 3E). Although sometimes TX3.833-Au was 
seen accumulating at a luminal region near endothelial inter- 
cellular junction (Fig. 3£), little-to-no gold was found in the 
interstitium at the junctional exit (open arrow), consistent with 
a lack of transport through this pathway and the expected 
size-exclusion of the gold particles. After 15 min, TX3.833-Au 
still was being transported and existed in many luminal, ablu- 
minal, and apparently internalized caveolae (Fig. 3F, arrow- 




Fig. 3. Caveolar targeting and trafficking of TX3.833-Au in situ. The rat lung 
was perfused in situ with TX3.833-Au for 2.5 min (A), 5 min (B), 10 min (C-£), 
and 15 min (F and G), and processed for EM. Int, interstitial space; cp, coated 
pits; bvl, blood vessel lumen; pvs, perivascular space; mvb, multivesicular 
bodies; endo, endothelium; epi, epithelium; alv, alveolar space. [Bar = 90 nm 
(A), 128 nm (fl), 1 16 nm (Cand D), 124nm (£), 90 nm (F), 85 nm (G).] 



heads). Gold particles continued to accumulate in the intersti- 
tium of the tissue (Fig. 3F, thick arrows). 

In several fortuitous cases, we caught the release of gold 
particles from the neck or introit of caveola (arrows, Fig. 3 D and 
F). The gold particles were seen as a cluster in the region 
immediately adjacent to the caveolar opening, apparently exiting 
as a bolus and just beginning to disperse freely into the under- 
lying space. Sometimes one or two gold particles were still found 
just inside the neck of an otherwise empty abluminal caveola. No 
other gold particles were seen in the vicinity. Morphometric 
analysis showed that a similar number of gold particles entered 
luminal caveolae as exited abluminal caveolae. At 2.5 min, the 
labeled luminal caveolae clearly attached to the plasma mem- 
brane had a mean of 6.4 ± 0.5 particles per caveola with <25% 
of total luminal caveolae exhibiting no labeling or occasionally 
one or two gold particles. By 10 min, the mean number of gold 
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Fig. 4. Analysis of the binding and transport of TX3.833-AU vs. IgG-Au in rat 
lung. Comparative morphometric analysis was performed on the electron 
micrographs of rat lungs perfused with TX3.833-Au or mouse IgG-Au (see 
Methods) to quantify over time the number of gold particles (A) in lung 
microvascular endothelial caveolae per unit membrane and (B) within the 
interstitial space per unit area (ftm 2 ). 



particles inside labeled luminal and abluminal caveolae was 
6.3 ± 0.3 and 7.1 ± 0.6, respectively, although, again, a sub- 
population of caveolae (<25%) still had little to no label. Lastly, 
the mean number of gold particles exiting the neck of abluminal 
caveola was 6.7 ± 0.8 particles. This quantal uptake, transport, 
and release of six to seven gold particles per caveolae is 
consistent with discrete transcytosis of targeted molecular cargo 
by caveolae. 

By comparing TX3.833-Au with physically identical probes 
having different binding specificity (i.e., all 150-kDa IgGi bound 
in the same way to the same size gold particles), we found that 
the ability of TX3.833 to specifically target the gold to caveolae 
mediates its transport across the lung microvascular endothe- 
lium. Even after 15 min, control mlgG-Au did not accumulate 
in caveolae or overcome the endothelial cell barrier (Fig. 9/4, 
which is published as supporting information on the PNAS web 
site). Morphometric analysis showed that both entry to caveolae 
and interstitial accumulation were significantly more for 
TX3.833-Au than mlgG-Au (Fig. 4). As an additional control, we 
tested gold-conjugated antibody to 5'NT (5'NT-IgG-Au), a 
glycosylphosphatidylinositol-anchored endothelial cell-surface 
marker concentrated in lipid rafts but not caveolae (22). 5'NT- 
IgG-Au bound to the lung endothelial cell surface primarily in 
clusters on the plasmalemma proper that sometimes were at or 
near the caveolar diaphragm (Fig. 95, arrowhead, which is 
published as supporting information on the PNAS web site). 
5'NT-IgG-Au did not traverse the endothelium to accumulate in 
the interstitium even after 15 min. Targeting lipid rafts under 
equivalent conditions did not result in rapid transcytosis. Thus, 
the TX3.833-Au transported to in the interstitium depended on 
targeting caveolae. 

Sequential Transcytosis. At 15 min with TX3.833-Au, we also 
found, where the attenuated endothelium was in close apposition 
to the alveolar epithelium, some of the gold particles accumu- 
lating in the subendothelial space percolated through the base- 
ment membrane to be taken up by epithelial caveolae for 
transport into and even across the cell (Fig. 3G, arrowhead). 
Gold particles were sometimes in endosomal-like structures and 
exiting caveolae opening into the air space (arrow). Although 
surprising because we detected little 1X3.833 antigen in the 
epithelium by immunogold EM (Fig. 8), it is possible that where 
the interstitial space separating the endothelium from the 
epithelium is small enough to allow higher concentration of 
transcytosed gold particles, the epithelial caveolae could take up 
and transport the gold particles by fluid-phase mechanisms. 
Perhaps more likely, the TX3.833 antigen is expressed at lower 
levels in the epithelial caveolae. Thus, transcellular transport by 
caveolae occurs not only in endothelium but also in epithelium, 




Fig. S. TX3.833 targets dynamic caveolae in vivo. (A) Rat lungs were perfused 
for 5 min with 1 mg of biotinylated TX3.833 before flushing and silica 
perfusion for isolation of P that was subjected to the caveolae budding assay 
with or without GTP (20, 22). The budded caveolae (V b ), isolated by flotation 
away from the repel leted membrane (P-Vb), were immunoblotted with either 
streptavidin or the indicated antibodies. (B) After tail vein injection (15 min), 
TX3.833-Au is seen selectively in caveolae throughout the endothelial cell, 
consistent with transcytosis by the caveolae trafficking system. Arrowheads 
indicate a caveola or group of caveolae with gold particles inside. Arrows show 
gold particles exiting abluminal caveolae. Bvl, blood vessel lumen; int. inter- 
stitial space. (Bar = 91 nm.) 



and this sequential transcytosis can be used to overcome rapidly 
both cell barriers. 

TX3.833 Targets Dynamic Caveolae. Some caveolae may be static 
(15-18). To address whether TX3.833 targets dynamic caveolae 
capable of budding, we performed a reconstituted budding assay 
(19, 20) on P from lungs perfused with TX3.833. GTP induced 
plasmalemmal budding of caveolae that were collected as free 
floating vesicles containing the injected TX3.833 as well as 
caveolin-l and TX3.833 antigen but not )3-actin (Fig. 5/4). This 
budding required GTP with active dynamin and was inhibited by 
nonhydrolyzable GTP7S and K44A mutant dynamin (19). Thus, 
TX3.833 can target dynamic caveolae that require GTP hydro- 
lysis by dynamin for their fission from the plasma membrane to 
form free transport vesicles. 

Tracking Caveolae Targeting and Transcytosis in Vivo. Proteins and 
possibly other elements in the circulating blood increase the 
restrictiveness of the endothelial cell glycocalyx and can prevent 
access to caveolae (12). To test the ability of TX3.833 to target 
lung caveolae in vivo, we injected TX3.833-Au into rat tail veins, 
and 15 min later, we processed the lung tissue for EM. 
TX3.833-Au could target the lung endothelial caveolae rather 
selectively (Fig. 5B). Gold label could be detected in luminal, 
abluminal, and apparently cytoplasmic caveolae. Transcytosis 
was observed with gold particles seen exiting abluminal caveolae 
to the underlying subendothelial space under normal physiolog- 
ical conditions in vivo. This visualization of caveolae targeting 
and transcytosis in vivo was consistent with the antibody-specific 
targeting of drug shown in Fig. 2 as well as our lung subfrac- 
tionation analysis showing 125 I-TX3.833 (10 min after injection) 
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Fig. 6. Drug bio-efficacy studies in vivo. Hematoxylin and eosin staining of 
rat lungs 24 h after treatment with (A) control antibody-dgRA or (B) TX3.833- 
dgRA. Note the evident tissue damage with gross change in tissue morphol- 
ogy, infiltration of blood cells into tissue, edema, and septal thickening. (Bar = 
1.3 fiM.) 

was enriched in V at levels 100-fold > 125 I-contol IgG (data not 
shown). 

Lung-Specific Delivery and Bioefficacy of TX3.833-Drug Conjugates. 

An antibody targeting lung caveolae in vivo could be useful as a 
carrier to achieve tissue-specific drug delivery. To test 1X3.833 
as a targeting vector, we conjugated it to various drugs and 
examined in vivo delivery of the immunoconjugate relative to the 
native drug. All TX3.833-drug conjugates showed greatly in- 
creased lung targeting up to 172-fold greater than drug alone 
(see Table 1, which is published as supporting information on the 
PNAS web site). We also examined the bioefficacy of targeted 
drug by using dgR A immunotoxin, which is highly toxic in small 
amounts but requires internalization by cells for A chain release 
into the cytoplasm and subsequent cell death (35). At 6 h after 
i.v. injection, and even more so at 24 h after, the TX3.833-dgRA- 
treated rats showed acute respiratory distress and general mal- 
aise (very rapid, shallow breathing, remaining stationary, and 
focused on just breathing). Histological tissue examination re- 
vealed lung tissue disruption with edema, blood infiltration, and 
thickening of septa (Fig. 6) but no detectable damage to any 
other organs (e.g., see Fig. 10, which is published as supporting 
information on the PNAS web site). EM also revealed a loss of 
endothelial junctional integrity, marked membrane vesiculation 
of both endothelial and epithelial cells, and the presence of 
surfactant bodies in the alveolar spaces (Fig. 11, which is 
published as supporting information on the PNAS web site). The 
rats treated for 24 h with controls (equivalent levels of control 
IgG-dgRA, unconjugated TX3.833, native dgRA alone, or 
TX3.833 unconjugated but together with dgRA) appeared clin- 
ically and histologically normal (Fig. 10, which is published as 
supporting information on the PNAS web site). The damage to 
lung endothelial and epithelial cells is consistent with endothelial 
transcytosis of TX3.833-Au and uptake by underlying tissue 
cells. Thus, our cumulative data indicate that directing a drug to 
endothelial caveolae can provide tissue-specific targeting, trans- 
cytosis for access to cells inside the tissue, and localized bioef- 
ficacy in vivo. 

Discussion 

The concept of vascular targeting has evolved in the last 20 years 
from the failure of many directed therapies to reach their 
intended target tissue cells (4, 7-10). Targeting endothelium 
because of its inherent i.v. accessibility has potential, but so far 
requires key "proof of principle" in vivo. Although many at- 
tempts have been made to identify tissue-specific targets on 
vascular endothelium and to develop tissue-specific probes for 
vascular targeting (32, 33), directed delivery in vivo has not met 



theoretical expectations. A lung-targeting monoclonal antibody 
has been reported, but the antigen is thrombomodulin, which is 
expressed by many cells, including endothelia of several organs 
(ref. 32; Fig. 1A). Immunotargeting the pan-endothelial marker, 
PECAM, can improve delivery to the lung (5-fold over control 
IgG), but only when the antibody is biotinylated and complexed 
with streptavidin (36). Screening phage display libraries in vivo 
for tissue-homing peptides has provided modest increased tissue 
delivery (31, 33, 37) with <1% of the injected dose and relative 
targeting indices of 2- to 35-fold more than control phage and 3- 
to 80-fold more delivery than to the brain (note the well known 
blood-brain barrier has, as expected, the least nonspecific 
binding and uptake). By using this last criteria, TX3.833 target- 
ing index is > 1,000-fold more to lung than brain. TX3.833 as a 
probe has the specificity and affinity as well as the tissue- and 
cell-selectivity to validate, for the first time, the vascular target- 
ing strategy by achieving theoretical expectations with high-level 
tissue targeting in vivo. More importantly, perhaps, it targets 
dynamic caveolae to overcome the endothelial cell barrier for 
access to underlying tissue cells. 

Transport Pathway and Mechanism. Our cumulative in vivo and in 
situ data show that (i) caveolae can contain a tissue-specific 
endothelial protein, («) an antibody can selectively and rapidly 
target and enter caveolae of microvascular endothelium in a 
specific tissue, and (hi) targeting caveolae greatly increases the 
transendothelial transport and tissue accumulation over control 
antibodies (TTI > 150). Little transport or tissue accumulation 
is observed with physically similar, isotype-matched control 
antibodies that differ from TX3.833 in their ability to recognize 
a specific caveolar antigen. Thus, it is the specific entry and 
binding within the caveolae and not just binding to the endo- 
thelial cell surface or another microdomain, such as lipid rafts, 
nor fluid-phase uptake by the caveolae that mediate the rapid 
and selective transendothelial transport of TX3.833-Au. The 
graded, time-dependent movement of the caveolae-targeting 
immunoprobes across the cell barrier cannot be explained by a 
nonspecific transport pathway (i.e., intercellular junctions) and 
back-filling of the abluminal aspect of a static, branched caveolar 
system, as logically proposed (18). Although it is now clear from 
appropriate controls that caveolae can mediate selective trans- 
endothelial transport, the exact mechanism for this transcytosis 
requires further elucidation. 

Over the last 4 decades, two distinct but not mutually exclusive 
mechanisms for transendothelial transport by the caveolar sys- 
tem have been debated without resolution (8, 11, 15, 16, 18, 
38-40): (i) active vesicular shuttling of dynamic caveolae that 
bud from the plasma membrane (20) or even from racemose 
caveolar structures (39) to form free caveolar transport vesicles 
carrying their molecular cargo across the cell to fuse with the 
abluminal membrane; and (ii) formation of continuous transen- 
dothelial channels through the linkage or temporary fusion of 
luminal and abluminal caveolae (either as a single caveola or as 
a group of racemose caveolar vesicles) effectively to form a 
patent large pore (40). The first mechanism moves a discrete 
packet of molecular cargo across the cell, whereas probes travel 
through and exit continuous transendothelial channels as a 
steady stream of molecules (40). TX3.833 moves across the 
endothelium not as a continuous stream but rather in discrete 
packets (six to seven gold particles inside each luminal and 
abluminal caveola as well as exiting from a then-empty abluminal 
caveola). The simplest trafficking mechanism consistent with the 
data has caveolae moving their units of molecular cargo only a 
short distance across the cell as dynamic, discrete vesicular 
carriers. Caveolae, like various known trafficking vesicles, have 
their own molecular machinery to mediate vesicle budding, 
docking, and fusion, including dynamin, vesicle-associated mem- 
brane protein-2, iV-ethylmaleimide-sensitive factor (NSF), and 
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soluble NSF attachment proteins (19-24). Here, we show 
TX3.833 targeting of dynamic caveolae requiring dynamin and 
GTP hydrolysis to bud from the plasma membrane to form free 
transport vesicles (19, 20) still carrying the TX3.833 cargo (Fig. 
5). These data and the quantal transport of TX3.833-Au support 
a transcytosis model, in which caveolae bud to transport their 
targeted cargo into and across the cell. 

Large clusters of interconnected caveolae forming cavernous, 
racemose structures, possibly related to vesiculo-vacuolar or- 
ganelles (41), may transport a minor portion of TX3.833. Dy- 
namin located at caveolar necks (19) may mediate the budding 
of individual caveolae or even the whole racemose structure, 
which may explain the 3- to 5-fold greater amounts of gold 
probes exiting racemose caveolar structures than any single 
caveola (e.g., see Fig. 3C showing a caveolae racemose structure 
releasing 25 gold particles). Outside the perinuclear region, 
endothelial cells, especially in capillaries, are very attenuated, 
with distances between luminal and abluminal plasma mem- 
branes less than or equal to two caveolae diameters (0.1 /xm). 
Most transvascular exchange (11) occurs across such regions 
with high surface area to volume ratios and little room for 
racemose caveolar structures. We find the transendothelial 
transport of 1X3.833 occurs mostly in these attenuated regions 
with the single caveolae carrying their targeted cargo a very short 
distance. This attenuation may not only speed transendothelial 
transport into the tissue but also benefit recycling of caveolae 
back to the luminal surface. 

Application for Site-Directed Pharmacodelivery. A selective caveo- 
lae targeting strategy may be useful for directed therapeutic 
delivery for the treatment of many diseases. By targeting caveo- 
lae at the luminal surface of endothelium in a single tissue, where 
the caveolae can transport the antibody from the blood directly 
into the target tissue, we find that antibodies indeed can provide 
site-directed delivery in vivo with tissue accumulations reaching 
as high as 89% in just 30 min. Much of this lung-specific 
accumulation is antibody that has crossed the lung endothelial 
cell barrier by caveolae-targeted transport to become available 
for uptake by underlying tissue cells. Here, we have visualized 
this process by EM to show TX3.833 directing gold particles to 



the lung caveolae for rapid transendothelial transport from the 
circulating blood into the tissue. Like many drugs and gene 
vectors, the gold particles, alone or conjugated to control 
antibodies, do not readily cross the endothelial cell barrier. 
When conjugated to potential drugs or toxins, drug delivery by 
TX3.833 was selective to the lung and enhanced by up to 
172-fold. TX3.833-dgRA conjugates selectively damaged the 
lung, primarily through the destruction of the alveolar endothe- 
lial and epithelial cells. Thus, an antibody targeting caveolae can 
be a carrier to provide tissue-specific pharmacodelivery and 
bioefficacy through overcoming the endothelial cell barrier that 
normally restricts delivery to the underlying cells of the tissue. 

In our quest to study the basic transport function of caveolae 
in endothelium, we have shown that caveolae indeed can trans- 
cytose select cargo in endothelium as well as epithelium. We 
have produced and characterized a lung-, microvessel-, and 
caveolae-specific monoclonal antibody that targets the lung in 
vivo. After intravascular administration, TX3.833 rapidly targets 
dynamic caveolae of the lung microvascular endothelium and is 
rapidly transported across the cell for release to the interstitial 
space where it can be taken up by the caveolae of underlying 
epithelial cells and transported to the alveolar space. As such, 
caveolae may provide a selective and useful vesicular trafficking 
pathway not only to endocytose or transcytose select endogenous 
molecules but also to overcome the once seemingly insurmount- 
able cell barriers to effective site-directed therapeutic delivery in 
vivo. Moreover, proteomic analysis of endothelial cell plasma 
membranes and their caveolae reveals several tissue-specific 
proteins that are differentially expressed in normal organs and 
in various solid tumors (our unpublished data). Thus, a strategy 
of targeting caveolae of endothelium and epithelium offers 
exciting possibilities for achieving site-directed drug and gene 
therapy of various diseases in vivo. 
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L Introduction 

Drug Targeting has been created as a speculative 
concept at the very beginning of the century by one of 
the founders of immunology. Paul Erlich. Since he 
discovered antibodies and their role in the humoral 
immunity. Erheh proposed that antibodies may serve as 
"magic bullets" delivering therapeutic agents to the 
target cells. That was not earlier than two decades ago, 
however, when invention of monoclonal antibodies 
provided a scientific background for experimental ex- 
ploration of Erlich"s brilliant idea. Thus the modern 
concept of drug targeting evolved in the late seventies 
and emerged nowadays as a novel field of experimental 
biomedicinc. 

The ultimate goal of drug targeting is a strategy for 
specific, effective and safe therapeutic interventions lo- 
calized at the target site. Unfortunately, most of known 
drugs do not accumulate in their targets. This restricts 
effectiveness and safety of therapy. Administration of 
high doses in order to compensate for drug dilution, 
inactivation and elimination causes side effects, im- 
munological reactions and imposes inconvenience in 
treatment (prolonged infusions, e.g.). Specific delivery 
of drugs to the target should minimize or reduce these 
obstacles. In addition, precise intracellular addressing is 
required for effective action of certain drugs. Therefore, 
drug targeting should provide both target recognition 
and proper intracellular trafficking of a drug. 

The paradigm of the strategy is that conjugation of a 
drug with a carrier molecule recognizing specific deter- 
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minams presented on surface of the target cells will 
provide selective delivery of a drug to these cells. A 
carrier molecule can be chemically conjugated to either 
a drug or a drug vehicle, such as liposome, red blood 
cell, protein or polymer carrier. Numerous methods for 
chemical conjugation, as well as gene engineering meth- 
ods for creation of chimeras combining anrigen-binding 
site of a carrier antibody and therapeutic enzyme have 
been developed. Analysis of the literature on the drug 
targeting and methods for conjugation lies beyond the 
scope of this paper; readers may address directly to 
numerous reviews and handbooks on the subject (see. 
for example [3.57.61,88,135-139,159.171.174]). 

Initially, most of studies in the field were focused in 
oncology, because targeting of radiolabels would be 
helpful for detection and visualization of tumors, 
whereas targeting of antibiotics or toxins {immunotox- 
ins) would provide tumor-specific chemotherapy. 
Nowadays, numerous laboratories develop systems for 
targeting of antibiotics, radiolabels, toxins, antioxi- 
dants, fibrinolytics, hormones, antisensc oligonucle- 
otides, genes and other agents to hepatocytes. Kupffer 
cells, epithelial cells, pneumocytes. antigen-presenting 
cells, macrophages., vascular cells, blood cells, fibrin 
clots, myocardium, brain, joints, tumors, and other 
targets. 

Endothelial cells also represent an important target 
for therapeutic or experimental interventions. Endothe- 
lium is an interface between blood and tissues, trans- 
ducing chemical and mechanical signals and performing 
nutrition function. Endothelial cells regulate blood co- 
agulation and fibrinolysis, as well as control activity of 
blood and vascular cells via production and degrada- 
tion of vasoactive compounds and intercellular messen- 
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gers such as angiotensins, substance P. bradykinin. 
nitric oxide, oxidants, cytokines and growth factors. 
Endothelium, however, is vulnerable to action of dam- 
aging agents such as proteases, oxidized LDL. vasoac- 
tive compounds (histamine, thrombin, angiotensins, 
etc.). as well as oxidants and agents generated in course 
of activation of leukocytes, complement, coagulation 
and fibrinolysis (for reviews see [64.167]). Therefore, 
development of the strategy for specific and effective 
treatment for endothelial cells is an important biomedi- 
cal goal. 

Various ligands (hormones, lectines. growth factors, 
etc. J may be useful as carriers for targeting of drugs to 
determinants presented on the surface of either noma] 
or pathologically altered endothelial cells [73]. All these 
determinants, however, may serve as antigens, i.e. spe- 
cific targets for antibodies utilized as drug carriers. 
Accordingly, major efforts in the field are focused on 
the exploration of antibodies recognizing endothelial 
surface antigens (i.e. immunotargeting). As we will see 
below, some antibodies may preferentially recognize 
endothelial cells localized in certain organs or vascular 
areas. For example, immunotargeting to the endothelial 
cells localized in the tumor vasculature may provide a 
novel avenue for site-specific treatment of solid tumors 
[20.69.81]. For the sake of focus, this paper will pay 
specific attention to immunotargeting to the pulmonary 
endothelium, which represents an important target for 
site-specific therapy. The purpose of this review is to 
analyze previous achievements, present status, potential 
problems and perspectives of immunotargeting to the 
normal or pathologically altered endothelial cells local- 
ized in the pulmonary vasculature, 

2. Pulmonary endothelium as a rarget for site-specific 
therapy 

Pulmonary endothelium represents extremely large 
specific domain in the vasculature and executes very 
important functions, both local and systemic. In addi- 
tion to general endothelial functions listed above, pul- 
monary endothelial cells (EC) control vascular 
permeability in the lungs, regulate pulmonary and sys- 
temic vascular tone, manage interaction of blood cells 
with pulmonary tissue, maintain balance between blood 
coagulation and fibrinolysis in the lung 7 and contribute 
to immunological reactions in the lung tissue (for 
overview of the pulmonary endothelium, see a book 
edited by Ryan [142]). Pulmonary endothelium, how- 
ever, is anatomically predisposed to injury induced by 
or associated with inhalation of oxygen metabolites and 
microparticles, sequestration of activated leukocytes in 
the pulmonary capillaries and deposition of blood clots 
and fibrin [17 r 52.63 r 74_l 1 L150). Pulmonary EC are sen- 
sitive to injury caused by systemic administration of 



certain drugs (e.g. bleomycin) and often suffer sec- 
ondary injury in response to remote extrapulmonary 
disease condition, such as ischemia reperfusion of 
mesentery, liver or limbs [24.63]. Injury to the pul- 
monary endothelium plays an important role in patho- 
genesis of a wide variety of diseases and syndromes 
including pulmonary edema, adult respiratory distress 
syndrome (ARDS). sepsis, lung transplant rejection, 
lung radiation injury, pneumonia, dissemination of ma- 
lignant cells in the lung, oxidative lung injury, lung 
ischemia reperfusion. pulmonary hypertension, lung 
inflammation and fibrosis [17.42.50,63.93]. Ideal treat- 
ment for the most of the listed disease conditions must 
provide specific therapeutic intervention in the pul- 
monary endothelium. 

There are several approaches to deliver a drug to the 
lung. The lung is a unique organ in terms of possibility 
of local (i.e. intratracheal), administration of a drug. 
Intratracheal administration provides high concentra- 
tion of a drug in the lung tissue and its prolonged 
contact with alveolar cells and. therefore, is useful for 
local application of enzymatic or gene therapy 
[1 1.129.136], Endothelial cells, however, are inaccessible 
from the alveolar space and. therefore, receive a only- 
minor (perhaps insufficient) portion of a drug, This 
point is illustrated by the recent work of Prayssak and 
co-authors cited above [136], where intratracheal trans- 
fer of genes encoding antioxidant enzymes afforded an 
effective protection against oxidative lung injury caused 
by hyperoxia-induced (where alvcoJocytcs are probably 
the primary target), but not by ischemia reperfusion 
(where endothelial cells are the primary target [4]). 

Although endothelial cells are not accessible from the 
airways, they are easily accessible from the circulation. 
Thus, intravenous route of administration seems to be 
ideal for drug delivery to EC. Conjugation of a drug 
with microspheres or encapsulation in a large liposomal 
aggregates provides drug accumulation in the lung vas- 
culature due to mechanical retention in the precapil- 
lary vascular area. This approach is clinically applicable 
for visualization of the pulmonary vascular bed using 
radiolabel covalently bound to microspheres. However, 
elimination of the released drugs by the bloodstream 
will profoundly compromise the transfer of a drug from 
the carrier microspheres or liposomes to endothelial 
cells. 

In order to avoid this obstacle, a drug may be 
conjugated with antibodies or antibody fragments 
recognizing the surface endothelial antigens. Since en- 
dothelium is directly accessible to the circulating blood, 
such conjugates should easily bind to the target. Thus, 
immunotargeting may be useful for the site-specific 
therapy of endothelial cells. Pulmonary endothelium is 
specifically attractive site for immunotargeting. First, 
pulmonary vasculature represents extremely large sur- 
face area containing about 30% of the total amount of 
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endothelial cells in the body. Second, pulmonary en- 
dothelium is the first large vascular target after intra- 
venous injection of a drug and lung receives a whole 
cardiac blood output, Therefore, even carriers which do 
not discriminate between pulmonary and systemic en- 
dothelial cells may accumulate in the lung. Third, pul- 
monary endothelium is enriched in certain surface 
antigens (see below). This may provide an additional 
factor for tissue selectivity of the targeting, 

3. Endothelial antigens as potential targets for drug 
deliver)- 

The minimal requirement for immunotargcting to 
endothelium is that an antigen must present on the 
luminal surface of the endothelial cells. Ideally, it 
should not be present in the blood, since circulating 
antigen will compete with endothelial target for binding 
of the antibody-conjugated drug. For example, al- 
though fibronectin is a good mode] anrigen for im- 
munotargeting to endothelium In cell culture [116]. its 
high concentration in the plasma preclude effective 
binding of fibronectin antibodies to endothelium in 
vivo. On the other hand, the presence of an antigen on 
other cells (smooth muscle cells, fibroblasts, etc,) in 
addition to endothelium does not preclude the endothe- 
lial targeting, because these other cells are not accessi- 
ble to blood. In other words, even if non-endothelial 
cells buried in the tissues contain an antigen presented 
on the endothelial surface, the major portion of the 
intravascularly injected antibody will bind to endothe- 
lial cells. This point is illustrated by biodistribution of 
monoclonal antibody fmAb) against angiotensin-con- 
verting enzyme. ACE (described in details below]. This 
mAb. traced by radiolabel tag. accumulates selectively 
in the lungs after systemic injection in animals [37.38] 
despite the fact that renal, intestinal and testicular 
content of ACE is higher than that in the lung [38], 
This result may be explained by the fact that the major 
fraction of ACE in the lung is associated with vascular 
endothelium and, therefore, is easily accessible to 
Wood. In contrast, major fraction of ACE in the kid- 
ney, gut and gonads is localized in epithelial cells [46] 
and, therefore, ACE in these organs is poorly accessible 
to the circulating antibody, 

There are several issues which are important in esti- 
mation of applicability of an antigen as a target for 
drug delivery, such as: 

1. Antigen localization and surface density in endothe- 
lium. Does it provide binding of substantial amount 
of antibody-conjugated drug? 

2. Antigen function(s) and effect(s) of antibody bind- 
ing to antigen. Does antibody or conjugate inhibit 
antigen function and what would be consequence(s) 
of this effect? 
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3. Effect(s) of pathological factors on the level of an 
antigen in endothelium. May certain pathological 
settings cause suppression or facilitation of 
immunotargeting? 

4. Internalization, intracellular trafficking and degra- 
dation of an antigen or antigen-antibody complex. 
What is cellular destination of delivered drug? Is 
delivered drug stable and active? 

5. An antigen distribution in the vasculature. Is it 
uniform in all vessels or endothelial cells in specific 
vascular areas (e.g. pulmonary endothelium) express 
more copies of antigen per cell and thus would be 
preferential targets? 

Below we describe several endothelial antigens poten- 
tially useful as targets and analyze major advantages 
disadvantages of known carrier antibodies (see Table 
1). 

3.1. Ajjgioteiisin-coriuenmz c'?/rnnr (ACE) 

Historically. ACE was one of the first antigens ex- 
plored as an endothelial target. ACE is a carboxypepti- 
dase constitutively localized on the luminal surface of 
endothelial cells [21]. ACE converts angiotensin I to 
angiotensin II. as well as inactivates bradykinin and 
some other vasoactive peptides [46]. In ceil culture, 
ACE is diffusely distributed on the apical surface of 
endothelial cells [J 41]. Endothelial ACE is a 170-kD 
transmembrane glycoprotein with a short hydrophobic 
domain near the C-terminus that anchors the enzyme in 
the plasma membrane, whereas a large portion of en- 
dothelial ACE is exposed to ihe bloodstream from the 
luminal surface of the cell [29]. There is about 1-3 x 
i0 r binding sites for ami- ACE antibodies on the lumi- 
nal surface of ci single endothelial cell [125]. The blood 
level of ACE is low as compared with its concentration 
in the kidney, gut and iung [31.46]. lonophores and 
hypoxia stimulate ACE synthesis in endothelial cell 
cultures [32,83]. thus implying that ACE-directed 
targeting to endothelium may be facilitated at certain 
pathological settings. This issue, however, is controver- 
sial and will be considered below. Recent study docu- 
mented that pulmonary vascular endothelium is 
significantly enriched in ACE: at immunomorphologi- 
cal examination, 100% of the pulmonary capillaries are 
ACE-positive. vs about 20% of ACE-positive capillaries 
in other tissues [51]. This important observation helps 
to explain very high selectivity of the pulmonary target- 
ing of ACE antibody described below. 

Results of an early exploration of ACE antibodies as 
carriers for the vascular targeting were rather disap- 
pointing, since neither polyclonal nor monoclonal anti- 
bodies accumulated in the lung or other highly 
vascularized tissues after intravascular administration 
in animals [99,102]. The reasons for those negative 
results remain unclear and could include low affinity of 
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antibodies used, lack of cross-reactivity with animal 
ACE or and poor accessibility of specific ACE epitopes 
recognized by those antibodies. Nevertheless, a decade 
ago. Dr Sergei Danilov at the National Cardiology 
Research Center in Moscow produced a new mono- 
clonal antibody to ACE. mAb 9B9 [33]. This anti-ACE 
mAb 9B9. murine IgGl. cross-reacts with human, mon- 
key, rat. hamster and cat ACE and reveals vascular 
endothelium in tissue sections obtained from these ani- 
mal species [35.34]. This antibody does not inhibit 
enzymatic activity of purified ACE in solution, does not 
fix complement and induces no injury to endothelium 
either in cell culture of after in vivo administration at 
doses 100 mg-kg [37,38]. Radiolabeled mAb 9B9 accu- 
mulates selectively in the lungs after intravenous, in- 
traarterial and intraperitoneal injections in rat. cats and 
hamsters [37.38]. Tissue-selective pulmonary accumula- 
tion of anti-ACE mAb 9B9 radiolabeled with either 
Wnr Tc or m In has been documented in monkeys and 
healthy human volunteers using gamma-im- 
munoscintigraphy [35.121]. Endothelial cells in culture, 
in perfused rat lungs and rat lungs in vivo internalize 
mAb 9E9 [125]. Noteworthy, internalized mAb 9B9 
undergoes relatively modest intracellular degradation 
and can be detected in form of an intact IgG-size 
radiolabeled protein in the Jung homogenates even sev- 
eral days after intravenous injection [125]. Biotinylated 
mAb 9B9 retains complete functional activity in vjtro 
and in vivo and affords highly effective pulmonary- 
accumulation of '"I-streptavidin. thus providing 
methodological background for universal system for 
irarauno targeting of various biotinylated agents to the 
lung [120.122]. All these results strongly suggest that 
anti-ACE mAb 9B9 is an excellent carrier" for the 
intracellular delivery of drugs (and possibly, genes) to 
the pulmonary endothelium. 

Although extremely attractive as a carrier for the 
tissue-selective pulmonary immunotargeting. antibody 
to ACE is not an ideal choice in certain cases. First, 
cytokines, oxidants and other inflammatory mediators 
down-regulate ACE expression in endothelial cells and 
stimulate ACE shedding from endothelial plasma mem- 
brane [8,132.172). Therefore, inflammation or oxidative 
stress may inhibit immunotargeting to ACE. Indeed, 
pulmonary vascular injury caused by administration of 
endotoxin. PMA. PAF or a-napthylthiourea in rats 
leads to marked suppression of the pulmonary tareeiina 
of '-T-labeled anti-ACE mAb 9B9 [7.119..12lf Pul- 
monary sequestration of tumor cells injected intra- 
venously in hamsters also reduced pulmonary targeting 
of mAb 9B9 r probably, due to masking of the endothe- 
lial surface by adherent tumor cells [36]. Thus, immuno- 
targeting of mAb 9B9 couJd be compromised at certain 
pathological conditions (although this can be useful for 
diagnostics by gamma-immunoscintigraphy, see below). 
Second, although mAb 9B9 does not inhibit ACE 
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enzymatic activity directly [39]. it accelerates ACE shed- 
ding from the endothelial plasma membrane [38] and 
via this mechanism reduces ACE activity in the lung 
[37.38]. ACE inhibitors arc used clinically to down-reg- 
ulate blood pressure in hypertensive patients and to 
protect vascular wall against restenosis [60]. Therefore, 
inhibiting effect, of anti-ACE may provide a secondary 
benefit for therapy in certain cases, e.g. treatment of 
hypertensive patients. However, in patients with an 
acute hypotensic conditions (e,g. patients with trauma 
developing ARDS). ACE inhibition and subsequent 
vasorelaxation may be rathertfangerous because of the 
high probability of vascular collapse. Therefore, appli- 
cation of anti-ACE in hypotensic patients is question- 
able. With all reservations, however. anti-ACE mAb 
9B9 is one of the most selective and best characterized 
carriers for immunotargeting to the pulmonary en- 
dothelium, well tolerated by laboratory animals and 
patients. 

3.2. Thrombomodulin (TM) 

Thrombomodulin is a transmembrane endothelial 
glycoprotein { s: 140 kD) with a large portion (N-do- 
main) exposed to the bloodstream [48]. Similarly to 
ACE. TM is diffusely distributed on the apical surface 
of endothelial cells [6S]. Binding of thrombin to TM 
leads to conversion of thrombin enzymatic activity: 
TM -bound thrombin activates ami-coagulant protein 
C. instead of cleavage of fibrinogen and thus TM 
controls coagulation cascade in the blood [48]. From 
the targeting standpoint. TM is similar to ACE in the 
sense that: 

1. It is accessible to the bloodstream: 

2. It is normal endothelial antigen: and 

3. Pulmonary microvasculatttre is enriched in TM [55], 
In the late eighties. Kennel and co-workers [78]. have 

produced a set of antibodies reacting with murine 
thrombomodulin. anti-TM [55-145]. They have studied 
biodistribution of radiolabeled ami-TM mAb after iv 
injection in mice and have reported that it specifically 
accumulates in the murine lungs [79]. Effectiveness of 
the pulmonary accumulation was extremely high and 
reached 276% of injected dose of I33 I-anti-TM per gram * 
[80]: this indicates that about 50% of injected dose 
accumulates in the target organ (average murine lung 
weight is 0.2 g). Pulmonary uptake of m In-anti-TM 
mAb in mice has been visualized by gamma-im- 
munoscintigraphy [79] and by microradioautography of 
the lung tissue sections [80]. These results implied that 
anti-TM may be useful for drug targeting to the pul- 
monary endothelium. 

Thrombomodulin undergoes constitutive endocytosis 
in endothelial cells [26], In accordance with this fact, 
several groups have reported that endothelial cells 
rapidly internalize antibodies to TM ['1S : 26.68). How- 
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ever, mechanises) of internalization of TM and its 
ligands is not completely understood. Deletion of intra- 
cellular domain of TM does not eliminate its constitu- 
tive endocytosis [27]. Several lines of evidence imply 
that TM internalization is controlled by its extracellular 
portion. Certain ligands (thrombin. anti-TM) have been 
reported to stimulate TM endocytosis [101], whereas 
another ligaiid. protein C has been shown to suppress 
endocytosis [95]. Deletion of N-terminal lectin-like por- 
tion of the TM extracellular domain inhibits its endocy- 
tosis [28]. Recent results show that endothelial cells 
poorly internalize a monoclonal antibody recognizing 
specific chondroitin sulfate-dependent epitope of 
thrombomodulin [126]. Therefore, speculatively. TM 
antibodies may provide either intracellular or surface 
delivery of drugs, depending on the properties of a 
carrier antibody. 

Similar to ACE in many aspects. TM also is not an 
ideal target. First, cytokines, oxidants and oxidized 
lipoproteins down-regulaie surface density of TM on 
the endothelial cells [7LS9.101], Therefore, inflamma- 
tion will suppress immunotargeting to TM. Second, 
most of internalizable TM ligands (thrombin and anti- 
TM antibodies) undergo rapid intracellular degradation 
[18.94]. Thus TM -mediated tarseting seems to be di- 
rected to lysosomal compartment, which may be inap- 
propriate for certain drugs. Third. either 
antibody-induced internalization or antibody-mediated 
steric masking of TM on the endothelial plasma mem- 
brane may reduce its ability to bind and convert 
thrombin. Therefore, i mm u no targeting to TM may- 
cause pro-thromboiic events due to suppression of an 
anticoagulant activity of endothelium. Furthermore, 
administration of TM antibody at dose 0.1 mg led to 
significant enhancement of subsequent colonization of 
injected tumor cells in the pulmonary vasculature, per- 
haps due to minor endothelial injury [78]. Therefore, 
the safety is of great concern in terms of utilization of 
TM antibodies for the drug targeting. 

3.3, Constitutive surface adhesion molecules, ICAM-1 
and PECAM-1 

Endothelial cells constitutively express surface adhe- 
sion molecule ICAM-1 (intercellular adhesion 
molecule- L CD 54). ICAM-1 is a transmembrane glyco- 
protein diffusely distributed on the apical surface of 
endothelial cells [5]. easily accessible from the blood- 
stream and participating in adhesion of leukocytes to 
endothelium [14,86,154], Antibodies against ICAM-1 
provide intense immunostaining of the vascular and 
epithelial cells in the norma] lung tissue, although en- 
dothelial cells in large veins in the normal rat lungs 
display relatively poor immunostaining [9,19]- Impor- 
tantly, proinflammatory agents TNFx IL-1 and IFy. as 
well as oxidants, stimulate ICAM-I synthesis in cn- 
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dotbelial cells [2. 14. ] 6, 1 34. 1 44. 1 54]. Inflammation, 
therefore, causes up-regulation of ICAM-1 in the lung 
and other organs [12.19]. Therefore. ICAM-1 -mediated 
immunotargeting may be facilitated in the vascular 
area(s) engaged in inflammation. 

Tamatani and Miyasaka [156] described a mono- 
clonal antibody reacting with rat ICAM-L mAb 1 A29. 
Since than, numerous laboratories studied biodistribu- 
tion of '^I-mAb IA29 in normal rats and animals 
challenged with pro-inflammatory agents, such as endo- 
toxin and TNFz. In accordance with high level of 
constitutive endothelial expression of ICAM-1 'and its 
high accessibility to blood. ,:5 I-mAb 1A29 accumulates 
in the lungs of control rats [12.108.110.131.166], In 
contrast with ACE and TM antibodies, which display 
tissue-selective pulmonary accumulation, '"I-mAb 
IA29 also accumulates in other highly vascularized 
tissues, such as mesentery, liver and spleen [131]. Exper- 
iments in mice utilizing antibody recognizing murine 
ICAM-1 confirmed marked constitutive uptake of 125 I- 
labelcd antibody in lungs and other highly vascularized 
tissues [44,84], 

In agreement with known fact of stimulation of 
endothelial ICAM-1 synthesis by cytokines, several 
groups have reported that administration of endotoxin 
in rats leads to elevation of the vascular binding of 
12 *I-mAb 1A29 and thus stimulates its accumulation in 
the lung [103]. Elevated pulmonary uptake of 13f I-raAb 
1A29 has also been described in rats with acute lung 
injury induced by intratracheal deposition of IgG-im- 
mune complexes [1 10]. TNF? [12.108.131]. or systemic 
injection of oleic acid [147]. Cytokine-induced up-regu- 
lation of the pulmonary uptake of anti-ICAM-1 lz -l- 
niAb 1A29 requires several hours after LPS injection 
and reaches peak level at 9-12 h [131]. In mice. TNF^ 
caused most significant increase in the vascular uptake 
of '"I-mAb JA29 in the heart and small intestine [44]. 
Taken together, these results imply that ICAM-1 anti- 
body may serve for the immunotargeting to the inflam- 
mation-engaged ('activated') endothelium. 

The literature data on ICAM-1 internalization are 
fragmentary. Results published by several groups imply 
that endothelial cells in culture poorly internalize anti- 
bodies to ICAM-1 [5,85]. This indicates that, unless 
modification^) of the carrier antibody facilitate inter- 
nalization. ICAM-1 is more useful for the surface im- 
munotargeting, While this restricts ICAM-1 potential 
for delivery of antisense nucleotides, eenes or antioxi- 
dants, lack of internalization may be very useful for 
targeting of anticoagulants or fibrinolytics, i.e. drugs 
which must work on the luminal surface of 
endothelium. 

PECAM-1 (platclct-endothelial cell adhesion 
molecule-1, CD31) is a 130-kD vascular cell adhesion 
molecule that is a member of the immunoglobulin 
superfamily constitutively expressed in the endothelial 
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cells [2.123]. Endothelial cells possess up to several 
millions of binding sites for PECAM antibodies per 
cell, i,e, an order of magnitude more than for ACE. 
TM or I CAM- 1 antibodies. PECAM antibodies 
provide intense immunostainins of the pulmonary vas- 
culature, as well as vascular cells in other organ?. 
PECAM- 1 has very characteristical localization in the 
intercellular junctions in endothelial monolayer, plays 
an important role in leukocytes transmigration through 
the monolayer and contributes to signal transduction in 
endothelium [128]. Although cytokines cause redistribu- 
tion of PECAM-I on endothelial surface in cell culture 
[140.155]. they have no marked effect on PEC AM- 1 
vascular staining in vivo [165]. Notably- TNF does not 
induce significant changes in biodistribution of radiola- 
beled PECAM antibody in rats [44], Although PE- 
CAM- 1 potential as a target molecule has not been 
specifically addressed in the literature, this issue cer- 
tainly worth experimental exploration. Our preliminary- 
data suggest that PECAM- 1 mAb may be useful for 
targeting to the pulmonary endothelium (Muzykantov. 
Christofidou-Solomidou. Harshaw. Schultz. Fisher and 
Albelda. in preparation). 

By steric masking of their antigens, antibodies to 
1CAM-1 and PECAM-I (and Fab-fragments of these 
antibodies) can block leukocytes adhesion to endothe- 
lium and their transmigration into the tissues. This 
effect of antibodies provides protection of tissues 
against leukocyte-mediated injury. There arc numerous 
publications reporting protective effect of ICAM-i and 
PECAM- 1 antibodies in animal models of lung injury 
caused by cytokines, immune complexes, ischemia 
reperfusion activation of complement, or lung trans- 
plantation [40.41.75,109.165.173]. Blocking "of the 
surface adhesion molecules with antibodie5 emerged as 
a novel therapeutic concept and nowadays comes into 
the clinical practice [75]. Therefore, speculatively, a 
"side-effect" of the immunotargeting to the endothelial 
surface adhesion molecules may provide a secondary 
benefit for therapy, i.e. blockage of leukocytes adhe- 
sion emigration and protection of endothelium. This 
unique feature, as well as effective targeting to the 
inflammation-engaged endothelium, make the surface 
adhesion molecules-directed immunotargeting espe- 
cially attractive for treatment of disease conditions 
associated with the vascular inflammation and leuko- 
cyte-mediated injury. 

3.4. Inducible surface adhesion molecules 

In addition to adhesion molecules constitutively ex- 
pressed on the endothelial membrane, there are specific 
adhesion determinants (E-selectin, P-seJectin and vascu- 
lar cell adhesion molecule-]) which appear only on the 
surface of endothelial cells challenged with cytokines, 
oxidative stress and other pathological factors 



[2.14.134.154]. Speculatively, utilization of these targets 
may provide specific recognition of and drug targeting 
to the inflammation-engaged endothelial cells, 

E-sclcctin is not expressed in the resting endothelium, 
but cytokines (TNF?. 1L-1 in combination with IF;') 
and oxidative stress cause up-regulation of its synthesis 
and expression on the apical surface of endothelium 
[14]. E-selectin is a single-chain glycoprotein of ^115 
kD. serving as counterpart for sialylated Lewis X 
oligosaccharides on leukocytes and thus contributes to 
leukocytes adhesion to activated endothelium [45]. 

Recently. Granger and coauthors, as well as other 
groups, have studied biodistribution of '- 5 I-mAb to 
E-selectin and P-selectin in normal and cytokine-chal- 
lenged rodents, as well as in mice deficient by surface 
adhesion molecules. l25 I-mAb to E-selectin does not 
bind to vasculature after iv injection in intact rats, but 
accumulates in many organs several hours after endo- 
toxin challenge, with major uptake in the lungs and 
mesentery [43], Interestingly. TNF*-stimulated uptake 
of '-"I-mAb against E-selectin was attenuated in stom- 
ach, large intestine and brain of mutant mice deficient 
by ICAM-1 or P-selectin. although basal level of l25 I- 
inAb against E-selectin uptake in these organs was 
significantly elevated in ICAM- 1 -deficient mice vs wild 
type mice [44]. Intratracheal unilobal administration of 
endotoxin in rabbits causes local and specific (as com- 
pared with control M1 In-IgG) uptake of E-selectin 12 *I- 
mAb 14G2 in the cytokine-challenged. but not in the 
contralateral lobe [175]. Hascard and co-authors have 
studied biodistribution of radiolabeled monoclonal an- 
tibodies to E-seiectin in intact animals and animals 
challenged with local and systemic inflammatory set- 
tings. They reported that: 

1 . Injection of TL-1 accelerates blood clearance of anti- 
body, thus indirectly indicating its binding to acti- 
vated endothelium: and 

2. According to gamma-immunoscintigraphy. pul- 
monary uptake of antibodv increases after injection 
of IL-l' [76]. 

This group also reported enhanced local uptake of 
radiolabeled antibody to E-selectin in the sites of acute 
skin or joint inflammation in animal models [72.76,77], 
as well as in patients with rheumatoid arthritis [25], 

P-selectin is stored in Weibel-Palade bodies and ab- 
sent on the surface of intact endothelium, but cytokines 
or oxidative stress cause surface exposure of P-selectin 
on the luminal surface of endothelium [133]. Since the 
process does not require protein synthesis. P-selectin 
appears on the surface of endothelium in minutes after 
the challenge in cell culture. P-sekctin has a similar 
structure to E-selectin. interacts with leukocytes carbo- 
hydrates and thus promotes leukocytes adhesion to 
activated endothelial cells [45,90]. Platelets also contain 
P-selectin in internal stores and expose it upon activa- 
tion and. therefore, endothelial immunotargeting by 
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P-selectin antibody may be confused by platelets 
activation. 

i: -T-mAb PB1.3 reacting with rat P-selectin accumu- 
lates in the rai lungs after intravenous injection of 
cobra venom factor which causes endothelial activation 
and injury via complement-mediated pathway [H2]. In 
another study, uptake of '"i-mAb PBI.3 was elevated 
in the lung and mesentery as soon as 5 min after 
histamine injection in rais. whereas endotoxin caused 
more delayed (3-5 h after injection) uptake in the heart 
and stomach [43]. Interestingly, histamine did not cause 
vascular targeting of E-selectin antibody in this study, 
thus suggesting differential regulation of these two sc- 
lectins in vivo. This notion has been supported by 
recent study documented that ICAM-1 -knockout in 
mice enhances TNFx -induced up-regulation of the vas- 
cular uptake ,2? I-mAb anti-P-selectin. but rather atten- 
uates that of ,: -I-mAb anti-E-seJectin [44]. 

Importantly, antibodies against inducible endothelial 
cell adhesion molecules protect the lung and other 
tissue against leukocyte-mediated injury associated with 
various pathological processes. E-selectin antibody 
blocks leukocytes infiltration in tissues in animal mod- 
els. P-selectin antibodies inhibit adhesion of leukocytes 
and attenuate leukocyte-mediated injury in the Tung 
[24.4 i. 107.1 27] and in heart [S7]. Therefore, this side-e£ 
feet of the immuno targeting directed to P-selectin and 
E-selectin could provide secondary therapeutic benefit. 

Taken together, recent results imply that antibodies 
to E- and P-selectin could be useful for recognition of 
and drug targeting to activated endothelial cells. These 
antibodies worth further exploration as potential imag- 
ing, delivering and therapeutic agents. It should be 
noted, however, that effectiveness of the pulmonary 
targeting of ihese antibodies (expressed as percent of 
injected dose per gram of tissue) is by order of magni- 
tude lower than that of ACE. thrombomodulin and 
ICAM-1 antibodies. Cellular destination of E-selectin 
or P-selectin directed immunotargeting has not been 
addressed in the literature: recent results, however, 
imply that endothelial cells internalize E-selectin anti- 
body and degrade it in the lysosomal compartment [85]. 
There is no published data, on immunotargeting of 
drugs using antibodies to E-selectin or P-selectin in 
animals. Further studies are required in order to esti- 
mate diagnostic or therapeutic applicability of the 
targeting systems based on antibodies to inducible en- 
dothelial seleetins. 

3.5. Other potential endothelial target antigens 

Antigens listed in the Table 1 and discussed above 
are not the only potential endothelial targets. Very 
attractive methodologies for defining of new prospec- 
tive targets, based on the selective labeling and conse- 
quent separation of proteins localized on the luminal 
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surface of the vasculature of perfused lungs have been 
described recently by several groups [56,73.100]. A 
monoclonal antibody recognizing a non -identified en- 
dothelial antigen accessible from the bloodstream in the 
sites of the vascular injury could be useful for the 
targeting (see below). Preliminary results from labora- 
tory of Dr Jan Schnitzer (personal communication) 
imply that mAb recognizing a non-identified caveoli-as- 
sociated antigen could be a good candidate for drug 
targeting to the pulmonary vasculature. However, both 
biological functions of these antigens and properties of 
the carrier antibodies havRo be characterized more 
extensively in order to evaluate the applicability of 
these pending targeting systems. 



4. Immunotargeting of drugs to the pulmonary 
endothelium 

Each targeting system described above offers a 
unique spectrum of advantages and disadvantages and. 
therefore, could be more or less appropriate for appli- 
cation at different disease conditions, Antibody-medi- 
ated side effects, cellular destination of a drug and 
effect of inflammatory agents on the targeting are criti- 
cal parameters for estimation of applicability of the 
targeting system. Table 2 shows some selected tentative 
biomedical applications for the immunotargeting of 
drugs to endothelial cells, with specific respect to" the 
pulmonary vascular endothelium. Noteworthy, certain 
disease conditions, such &15 adult respiratory distress 
syndrome, which involves multicomponent vascular in- 
jury hi the lung, could be treated by immunoiargetins 
of different drugs (e.g. antioxidants, anticoagulant?, 
fibrinolytics) using different targeting systems iz.g, ami- 
ACE or anti-CAM). 

4. L Gamma -scintigraphy ^adhUwmnohwgm^) 

Many of the published animal studies deal with 
immunotargeting of isotopes to the vascular endothe- 
lium: few human studies on radioimmunoimaging of 
endothelium have been published [25.121]. The purpose 
of visualization of the vascular endothelium is to iden- 
tify defects of the vascular wall, sites of occlusion, 
restenosis, inflammation, thrombosis or atherosclerosis. 
With specific focus to the pulmonary vasculature, 
gamma-imaging may help in diagnostics of pulmonary 
emboli, lung tumors and inflammation. 

Intravenous injection of radiolabeled antibodies 
against normal endothelial antigens ACE and TM of- 
fers visualization of the pulmonary vascular bed in 
animals [35.79.121] and in humans [121]. As discussed 
above, injury to the endothelium suppresses pulmonary 
accumulation of I3f I-anti-ACE in animals, Although 
rather discouraging in terms of the drue deliverv. this 
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observation implies that radiolabeled anti-ACE could 
be useful for detection of endothelial injury in the lungs 
[118]. A pilot clinical study revealed that pulmonary 
uptake of 9 * ni Tc-Iabeled mAb 9B9 is significantly de- 
creased in sarcoidosis patients [121]. Although this pre- 
liminary study did not provide an insight into the 
significance or mechanism(s) of the observed phe- 
nomenon, it supports the notion that gamma-imaging 
of l>,)m Tc-labeIed mAb 9B9 may have a diagnostic value, 
for detection of endothelial injury or defects of blood 
flow to the site of interest. 

Recently, radiolabeled antibodies to cell adhesion 
molecules (anti-CAM) also became an interesting tool 
for exploration in gamma-imaging in animal and hu- 
man studies. 1 "In-labeled antibody to ICAM-1 demon- 
strated high pulmonary uptake visible in a 
gamma-camera after systemic injection in control rats 
[148], The pulmonary uptake of m In-anti-ICAM-l, 
however, is detectably increased in acute lung injury 
associated with transplant rejection [6] and injection of 
oleic acid [147]. Acute myocardial infarction in rats 
leads to elevated myocardial uptake of anti-ICAM-I 
i: \l-mAb. as well as accumulation of anti-ICAM-1 
nl In-mAb in the cardiac area, detectable by imaging in 
a gamma-camera [65]. Enhanced pulmonary uptake of 
1,1 In- or Wm Tc-mAb 1.2B6 against E-selectin has been 
visualized in pigs injected with IL-1 [76]. This antibody 
also allows visualisation of local inflammation in the 
skin and knee joint in animal models [72.77] and in 
patients with rheumatoid arthritis [25]. Therefore, im- 
munotargeting of isotopes to the surface adhesion 
molecules may eventually provide a new diagnostic tool 
for visualization of inflammation-engaged endothelium 
in the lung and other organs of interest. 

4.2. Delivery of fibrinolytics and anrfcoaguiams 

Pulmonary vasculature is susceptible to occlusion by 
thromboemboli. Pulmonary embolism (PE) is a serious 
complication of various extrapulmonary syndromes, 
diseases such as deep vein thrombosis (DVT) and 
surgery and causes 50000 death per year in USA 
[66,151]* In addition to PE induced by a single clot, 
there are several diseases and syndromes associated 
with disseminated fibrin deposition in the pulmonary 
vasculature, such as sepsis and ARDS [62,158], Fibrin 
deposition and plasmin suppression in the lung con* 
tribute to the development of pulmonary fibrosis and 
hypertension [42.105]. Therefore, site-specific preven- 
tion, detection and treatment of the pulmonary deposi- 
tion of fibrin and emboli represent an important 
biomedical problem. As discussed above, immuno- 
targeting of isotopes to the vascular endothelium may 
offer a new approach for detection of the vascular 
occlusions and pulmonary embolism. 



Systemic administration of anticoagulants, such as 
heparin, is currently a most useful method for preven- 
tion of PE [151]. Plasminogen activators, such as uroki- 
nase or tissue-type plasminogen activator (tPA) are 
clinically useful fibrinolytics: however, they do not have 
an affinity to. endothelium and undergo fast inactive- 
tion and elimination from the bloodstream [88.168], 
Plasminogen activators, therefore, are used for treat- 
ment of PE on a limited scale, because of high proba- 
bility of extrapulmonary bleeding, modest effectiveness 
of dissolution of puJmonar-yremboh and high probabil- 
ity of re-occlusions [66.137.169,151]. Conjugation of 
plasminogen activators with fibrin-specific antibodies, 
as well as creation of gene engineered mutant proteins 
may help to improve the therapy [88], On the other 
hand, delivery of anticoagulants and fibrinolytics to 
endothelial cells (especially in the lung) may be useful 
for either reduction of fibrin formation or facilitation of 
its degradation. Local delivery of the conjugates via 
vascular catheters may provide an additional augmen- 
tation of the specificity and effectiveness of the therapy. 

There are two major requirements for targeting sys- 
tem for delivery of either anticoagulants or fibrinolytics 
to endothelium. First, internalization of the conjugate 
should be minimal, in order to maintain an active drug 
on the luminal surface. Second, carriers which may 
compromise endothelial anticoagulant activity (e.g. 
anti-thrombomodulin). must be excluded from the 
consideration. 

Anticoagulant hirudin has been conjugated with E- 
seleciin antibody and experiments in endothelial cell 
culture have documented that the conjugate binds spe- 
cifically to cytokine-activated endothelium and inhibits 
thrombin [82]. However, applicability of E-selectin as 
targeting system is questionable because: (i) it will not 
deliver anticoagulant to the normal endothelium (thus 
precluding preventive treatment); and (ii) endothelial 
cells internalize E-selectins. Urokinase has been comV 
gated with a monoclonal antibody recognizing non- 
identified 75-kD intracellular antigen which is absent 
on the surface of an intact endothelium- but becomes 
accessible to the bloodstream in the sites of endothelial 
injury [138]. This conjugate has been shown to reduce 
thrombotic events in the pre-treated vena cavae graft in 
rats [15,103,164]. Conjugation of plasminogen activa- 
tors (tPA T urokinase, streptokinase) with the carrier 
anti-ACE antibody provides the conjugates which bind 
to the immobilized antigen and cause local fibrinolysis 
in the antigen-coated wells in vitro, accumulate in the 
rat lungs after intravenous injection and are retained in 
the lung tissue for at least several hours [123], However, 
fibrinolytic activity of these conjugates in the lungs, as 
well as the fate of the conjugates and their potential 
side effects remain to be studied, Speculatively. anti- 
ICAM-1 carriers seem to be more appropriate for 
immunotargeting of anticoagulants or fibrinolytics, be- 
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cause endothelium poorly internalizes this constinitively 
expressed surface adhesion molecule. 

4 J. AnUoxklark'C protection 

. Endothelium is vulnerable ro oxidative injury caused 
by oxidants* either extracellular (e,g T released from 
activated leukocytes, [49.54]) or intracellular (e.g. gener- 
ated by endothelial cells challenged with cytokines or 
upon ischemia reperfusion [50-98]), Endothelial cells in 
the lungs are particularly susceptible to oxidative in- 
jury*, because: (i) oxygen and oxygen metabolites ten- 
sion in the Jung tissue is very high: and (ii) and 
pulmonary vasculature is a target for leukocytes acti- 
vated in the circulation [17.52.93]. Two antioxidant 
enzymes, superoxide disinutase (SOD. that converts 
superoxide anion to hydrogen peroxide) and catalase 
(that decomposes H : O z to water) have been extensively 
explored as potential drugs for amioxidative protection 
of the endothelial cells [1.13-53,70.157]. Despite a great 
deal of effort, however, amioxidative protection of 
vascular endothelium utilizing any known derivative of 
SOD or catalase remains below an acceptable level of 
effectiveness and specificity [59]. This may be explained 
by the lack of: (il antioxidants targeting to the endothe- 
lial cells: and (ii) proper intracellular addressing of 
antioxidants. Therefore, immunocargeting of SOD and 
or catalase may help to solve the problem. 

A decade ago, we have described that catalase conju- 
gated with anti-^ndothelial antibody binds to endothe- 
lium hi culture and protects it against oxidative injury 
induced by H : 0 : [113.146], Polyclonal antibodies uti- 
lized in the cited studies, however, did not distinguish 
between 'endothelial and blood ceils and thus were not 
applicable for in vivo studies. In order to improve the 
specificity, we have conjugated '-I-catalase and l3? I- 
CuZn-SOD with ansi-ACE mAb 9B9 and have docu- 
mented that: 

1. mAb 9B9-conjugated antioxidants accumulate in the 
pulmonary vasculature after iv injection in rats (8% 
of dose.. lung vs. 0.5% for IgG-conjugated enzymes). 

2. EC internalize catalase conjugated with mAb 9B9; 
and 

3. Both SOD and catalase conjugated with mAb 9B9 
are retained in the lung for a prolonged time after 
injection [124]. 

In a recent study w r e have shown that catalase conju- 
gated with anti-ICAM mAb 1A29 also accumulates in 
the pulmonary vasculature and that both ami-ACE/ 
catalase and anti-ICAM catalase can blunt oxidative 
injury caused by exogenous H 2 0 2 in the perfused rat 
lung [9J- These results imply that immunotargetjng of 
antioxidants may provide a novel strategy for the ther- 
apy, although experiments in more pathophysiologi- 
cal^* relevant animal models (hyperoxia. sepsis.. 



bleomycin-induced lung injury) must be performed to 
prove validity and feasibility of the strategy. 

4. 4. Targe tii ig of Hposon i es 

Liposomes may be utilized as a universal vehicle for 
drug targeting [3.61-91.135]. Importantly, encapsulation 
of a drug in liposomes provides its protection from 
inactivation in the bloodstream, as well as facilitation 
of the intracellular delivery [53]. Steahh-Hposomes. de- 
veloped recently, have prolonged half-life in the circula- 
tion and accumulate in the target tissues after 
intravascular administration [3]. Although targeting of 
liposomes to the extravascular targets is strongly re- 
stricted by slow rate of their transfer through the tissue 
barriers, endothelium represents particularly attractive 
target for immunoliposomes because of its high accessi- 
bility to the bloodstream. 

In 1 988. Torchilin and associates have reported spe- 
cific binding and internalization of liposomes coated 
with mAb E25 (an antibody that recognizes a non-iden- 
tified endothelial antigen) in endothelial cell culture 
[160], Since then, several papers published by this and 
other groups have documented that liposomes conju- 
gated with thrombomodulin monoclonal antibody ac- 
cumulate extremely effectively and selectively in the 
lungs after iv injection in mice [67.96.97]. More re- 
cently. anti-TM carrier has also been used for immuno- 
targcting of microspheres: about 70%ID g of 
immunomicro spheres was localized in the murine lungs 
i h after iv injection: larseL cells are capable of internal- 
ization of immunomicrospheres [163]. Therefore, lipo- 
somes and microspheres may be useful for delivery of 
drugs or genes to the pulmonary endothelum. although 
potential functional therapeutic effects of this approach 
remain to be characterized. 

4.5. Gene delivery 

Gene therapy could theoretically offer a way to 
express genes encoding therapeutic proteins in the 
target cells [58.92], This strategy has been tested in cell 
culture experiments where transfection of cells with 
genes encoding antioxidant proteins led to augmenta- 
tion of antioxidant defenses in the target cells 
[47.152,170], Local administration of polycationic 
lipid:DNA complex and adenoviruses via intrapul- 
monary catheter has been attempted in an effort to 
express reporter genes in pulmonary endothelium 
[106,143]. Unfortunately, at this time, effective, high 
level gene transfer to vascular endothelium has not 
been achieved [30.149]. In addition, even if sufficient 
gene transfer did occur, protein synthesis requires sub- 
stantial time. Therefore, gene transfer would not likely 
be useful for the treatment of acute pulmonary or 
vascular disorders when rapid action is required. 
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Conjugation of DNA or DNA-Ioaded liposomes with 
carrier antibody may provide both targeting and intra- 
cellular uptake of DNA. Trubetskoy\nd~ co-authors 
[16L162]. have conjugated the carrier thrombomodulin 
antibody with either cationic liposomes loaded with 
reporter DNA or with DNA directly, via polylysine 
cross-linker, Injection of these conjugates in mice led to 
significant elevation of activity of the reporter proteins 
(CAT) in the lung tissue [161.162]. Although these 
results are encouraging, celj-selectivc irnmunoiargeting 
of genes to the pulmonary endothelium is still at its 
very early infancy. Several fundamental issues remain 
to be addressed. First, intracellular uptake and nuclear 
trafficking of the conjugates should be attained. This 
circumstance raised specific requirements to the carrier 
or and its modification (e,g. insertion of nuclear leading 
signal). Based on the information available. anti-ACE 
mAb 9B9 looks promising for intracellular delivery. 
Second effectiveness of transfection must be enhanced. 
Insertion of endothelium-specific promoters (e.g. 
thrombomodulin promoter) in the gene construct may 
help to enhance the tissue selectivity of transfection. It 
is tempting to speculate that eventually, the combina- 
tion of enzyme immunotargeting (that could provide 
rapid but transient effect) with gene transfer (thai could 
provide delayed but prolonged effect) could be useful 
for treatment of endothelial injury, 

4.6. Targeting of cytotoxic agents and oxidants 

Inimunoselective delivery of injuring agents may rep- 
resent a new methodology for modeling of the endothe- 
lial vascular injury. Antibiotic-loaded liposomes 
conjugated with E-$electin mAb bound selectively to 
cytokine-activated. but not to the control endothelial 
cells in culture and. furthermore, provided intracellular 
delivery of antibiotic and killed the target cells [J 53], 
Although practical applicability of This conjugate is 
questionable, it demonstrates high selectivity of this 
targeting system, potentially applicable for delivery of 
other drugs and agents to the inflammation-engaged 
endothelium. 

H 2 0 : -generating enzyme, glucose oxidase (GOX) has 
been conjugated to various polyclonal and monoclonal 
antibodies reacting with endothelial antigens [117]. 
Properties of these conjugates have been characterized 
in vitro and in vivo with the following results: (i) 
anti-EC/GOX binds to cultivated endothelium, gener- 
ates H.0 2; and kills cells [114]; (ii) anti^ACE/GOX 
circulates in the blood as an entire complex and accu- 
mulates in the rat lungs after iv injection [115], and (iii) 
GOX conjugated with internalizable antibody causes 
more severe oxidative stress in endothelial culture, as 
compared with non-internalizable counterpart [116]. 
These results imply that antibody-conjugated glucose 
oxidase is useful as a tool to study intracellular oxida- 
tive stress in the endothelium. 
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Importantly, cytotoxic agents, pro-coagulation Fac- 
tors, toxins or glucose oxidase conjugated with antibod- 
ies recognizing endothelial cells localized in the tumors, 
may represent a novel avenue for treatment of solid 
tumors, V S ry recently, stealth-liposomes conjugated 
with antibody against thrombomodulin have been uti- 
lized for targeting of lipophilic toxic prodrug to the 
pulmonary microvaculature in mice bearing pulmonary 
vascular tumors and significant increase in survival of 
tumor-infected mice has been reported [104], This result 
implies that generation of high- local concentration of a 
prodrug in the target organ may enhance effect of 
chemotherapy- albeit safety of such semi-specific zm- 
munotargeting must be carefully tested. Certainly, tu- 
mor-specific endothelial antigens are preferential for 
immunotargeting of chemotherapy [20]. 

5. Safety concerns 

Although anti-endothelial Ab may provide the 
targeting, it also may cause serious side effects. En- 
dothelium-associated Ab may activate complement 
and -or leukocytes via Fc-fragment-mediated pathways. 
For example, heterologous polyclonal anti-ACE Ab 
have been reported to cause an acute lung injury medi- 
ated by complement and leukocytes [10.22.23], There- 
fore, antibodies to be useful a$ carriers must r>oi fix 
complement or activate leukocytes. Although some iso- 
types of immunoglobulins naturally lack these func- 
tions, utilization of Fab fragments seems to be 
obligatory for the targeting. 

Previous results demonstrated that animals tolerate 
well injections of a large doses of anti-ACE [37,38] and 
antibodies to the surface adhesion molecules 
[24.41.S7.107J27.165]. Nevertheless, at the present 
time, immunotargeting can not be considered as a 
therapy for prolonged or multiple administration be- 
cause of obvious immune restrictions: only further pro- 
gress in the development of the conjugates will grant 
their wide clinical applicability (sec below). 

Antibodies may alter membrane metabolism of anti- 
gens in endothelial cells. For example, thrombomodulin 
antibodies stimulate its internalization [18]. whereas 
ACE antibodies stimulate its shedding from the plasma 
membrane [38], Cross-linking of antigen molecules in 
the plasma membrane by antibodies also may cause 
significant alterations in endothelial physiology, for ex- 
ample, stimulate signal transduction and elevate intra^ 
cellular Ca 2 ^*. In addition, either antibody or 
conjugates may mask antigens and thus inhibit their 
activity in the bloodstream. Therefore, each targeting 
system must be carefully tested for more specific, i.e. an 
antigen-related safety aspects. For example, targeting to 
ACE must be carefully studied in terms of possible 
effects mediated by ACE inhibition (suppression of 
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angiotensin II production and protection of 
bradykinin). Although inhibition of the CAM generally 
is considered as a benefit for the therapy, in some cases 
this effect may compromise normal immune response to 
infection. 

Every targeting system must be carefully tested for 
potential side-effects of high local concentration of the 
targeted drug. For example, safety of application of 
antibody-conjugated plasminogen activators must be 
characterized in terms of their effect on extracellular 
matrix and integrity of the vascular wall. Generally 
speaking, overloading of the target cells with any drug 
or gene, even relatively safe ones, may cause endothelial 
exhaustion, dysfunction and injury. 

6. Future perspectives 

In musical terms, progress attained in immune-target- 
ing to endothelium in the last decade of the century 
could be characterized as an 'intermezzo* between an 
entirely speculative concept and a clinically applicable 
therapeutic strategy. Several potentially useful antigens 
and set of carrier antibodies have been defined. Cer- 
tainly, new targeting systems will evolve, including 
those recognizing specific vascular areas more precisely 
than existing antibodies. Further steps will identify the 
most effective targeting systems for various applications 
and characterize local and systemic effects of the conju- 
gates in animal models. Chemical modification of the 
conjugates (e.g. incorporation of nuclear-leading sig- 
nals), will provide more precise intracellular addressing 
of a drug. Utilization of small antigen-binding frag- 
ments of antibodies and their humanization will be 
necessary for clinical practice, in order to exclude Fo 
portion mediated effects and immune response against 
murine immunoglobulins, whereas chimerical proteins 
which consist of the hypervariable domain or minimal 
recognizing unit (MRU) and an effector enzyme or its 
active site could be created by gene engineering technol- 
ogy [88,130.139]. This will allow experiments in pri- 
mates, clinical trials and evaluation of the therapeutic 
potential of the endothelial immunotargeting of drugs. 
Certainly., translation from the laboratory experiments 
to the bedside will require a large investment and 
efforts. It would be quite unrealistical to expect this 
therapeutic strategy to be utilized in the clinical practice 
in this millennium, but the next millennium is coming 
very soon. 



Acknowledgements 

I would like to acknowledge that back in the late 
seventies. Professors Vladimir Smirnov and Eugene 
Chazov at the National Cardiology Research Center in 



'lyshtopy 5 (1998) /r-.v 

Moscow, initiated and conducted a large-scale scientific 
endeavor focused on drug targeting to components of 
the vascular wall. Several projecis have evolved from 
this initiative and some published studies are cited in 
the references. 1 am very grateful to Dr Sergei DaniJov 
(who is currently at the University of Illinois at 
Chicago) for his kind invitation to join exploration of 
ACE-directed immunotargeting a decade ago in 
Moscow and a long-term collaboration evolved from 
this project. I thank my colleagues at the University of 
Pennsylvania. Drs Aron Fisher. Steven Albelda. Elena 
Atochina. Harry Ischiropoulos. Elliott Barnathan and 
Douglas Ones for numerous helpful discussions, stimu- 
lating critique and constant friendly encouragement 
during the last five years, I also thank Dr D. Neil 
Granger (LSU. Shreveport) for collaboration in the 
project focused on the immunotargeting of ICAM-1 
antibody. This work is supported by American Heart 
Association Established Investigator Grant 9640204 
and American Lunc Association Research Grant RG- 
062-N. 



References 

[1] A. AbuchowskL J.R. McCoy. N.C Palczuk. T. van Es. F.F. 

Davis. ErTeci or covalem attachment of polyethylene glycol on 

mirnunogenccity and circulation lire of bovine liver caialase. J. 

Biol. Chcm. 252 (111 (1977) 3352 -3856. 
[2] S. Afbclda. Endothelial and epithelial cell adhesion molecule*. 

Am. J. Resp. Cm, Care Med. 4 (1991? 195-203. 
[3] T. Alien. E. Mease. Th;rapemic opportunities for targeted 

liposomal drug deliver,-. Adv. Drue Deliv. Rev. 21 (1996) 

f i 7- 133. 

[*] A. ANMehdr. H. 5 hum an- A-B. Fisher. Intracellular generation 
of reactive oxygen ?pecie* during non-hypoMC lung ischemia. 
Am. J. Physiol. 2~2 M99?) (Lung. Cell. Mol. Phv$iol. ioj 
L294-L500. 

[5] A. Almenar-Qucralt. A. Duperray, L. Miles. J. Felez. D. Al- 
lien. Apical topography and modulation of ICaM-1 expression 
on activated endothelium. Am. J. Paihol. W (19951 1273— 
1 288- 

[6] J. Amano. M, Hiroe. Y. Ohta. S. hjiyama, T. Nishikaiva. H. 
Tanaka. M. Sunamori. A. Suzuki. M. Miyasaka. F. [Wanamo, 
Uptake of indium- 1 ) 1-anti-ICAM-l monoclonal antibody in 
the allografted rat lung during acute rejection. JL Heart Lung 
Transplantation 15 (1996) 1027-1033- 

[7] E. Atochina. H. Hiemish. V. MuzykaiHOV, S. Danilov. Systemic 
administration of PAF in rat reduces specific pulmonary uptake 
of circulating monoclonal antibody to ACE. Lung 170 (19921 
3^9-358, 

[8} £. Atochina. V. Mu2ykantov. A. Al-MehdL S. Danilov. A. 
Fisher. Normoxic lung ischemia reperfusion accelerates shed- 
ding of ansiotensin-con verting enzyme from the pulmonary 
endothelium. Am, J. Resp, Cril. Care Med. 156 (1997) 1114- 
1119. 

[9] E. Atochina. L Balyasnikova. S. Danilov. p. Gauffer. A.B. 
Fisher, v, Muzykamov. Caialase coupled with antibody to 
ACE or ICAM-1 enhances antioxidative defense of the pul- 
monary endothelium. Submitted (J998). 
[30] LtM. Barba. P.R. Caldwell. G.H, Downie. G. Camussi, J,R. 
Brentjens. G. Andres. Lung injury mediated by antibodies to 
endothelium. J. E*p, Med. 15S (19531 2141-215B. 



12/09/2004 12:02 FAX 2158980868 



INST FOR ENVIRON MED 



0028 



I'.R. ]fv:ykwiit:r Ptnhophy/ioh-y 5 o-.V 



[( I] M. Barnard. P. Baker, S. Maialon. Mitigation of oxidant injury 
10 lung microvnsculaturc .by intratracheal instillation of antiox- 
idant engine?. Am. J. Physiol. 265 M995l L540-545. 

[12] B. Bcck-Schimmcr. R. Schimmcr. R. Warner. H. Schmaf. G. 
Nordblom. C. Ffory. M. Lesch. H, Fricdl. D. Sehrier. P. Ward- 
Expression of lung vascular and airway JCAM-I after esposurc 
10 bacterial lipopolysaccnoride; Am. J. Resp. Cell. Mol. Biol. 17 
(1997) 544-552. 

[15] J. Beckman. R. Minor. C. While, j. Repine. G. Rosen. B. 
Freeman. Superoxide dismuwse and catalase conjugated to 
polyethylene glycol increases endothelial enzyme activity and 
oxidant resistance. J. Biol. Chem. 265 (19881 6SS4-6S91 

[14] M. Bcviiacqua. Endothelial-leukocyie adhesion molecules. 
Annu. Rev. Immunol. 11 (1995J 767- S04. 

[15] D.P. de Bono. 5. Prinze. Local inhibition of thrombosis using 
urokinase linked to a monoclonal antibody which recognizes 
damaged endothelium. Thromb. Res. 61 (1991) 537-545. 

[16] J. Bradley. D. Johnson, J. Pobcr. Endothelial activarion bv 
hydrogen peroxide. Am. J. Pathol. 142 (1993) 1595-1609. 

[17] K. Bfigliam. B, Meyrick. Endotosin and lung injury. Am. Rev. 
Resp, Dis. 133 r 1 0861 913-927. 

[IS] G. Brisson. G. ArchipofT, M. Hariman. D. Hanatl. A. Bcrciz, 
T, Freyssinct. T. Cazcnavc, Antibodies to thrombomodulin 
induce receptor-mediated endocyiosis in human saphenous vein 
cndoihcli.nl cells. Throm. Haremost. 6S (19921 757. 74?. 

[19] A.R. Burns. F. Takei. CM. Doerschuk. Quantitation of 
I CAM- 1 expression in mouse lung during pneumonia. .1. Im- 
munol. 155 (1994) 3IS9-3I98. 

[20] F.J. Burrows. P.E- Thorpe. Vascuhir targeting - a new ap- 
proach ro the therapy cf solid tumors. Pharmacol. Ther. 64 
f 1 994) 155-174, 

P1J P. Caldwell. 8. Seegah K. Hsu. M. Das. R. Soffer. Ansiown$in- 
converting enzyme: vascular endothelial localization. Science 
191 (1976) 651-654. 

[22] F.R. Caldwell. H.J. Wigger. L.T. Fernandez. R.M. D'Alisa. D. 
Tsc-Eng. V.p. Butler Jr.. i. Gigli. Lung injury induced by 
antibody fragments to angiotensin-covening enzyme. Am. J, 
Pathol. 205 M9$l» 54-65. 

[25] P, Caldwell. .1. Brenitens. C. CaiTiussi. G. Andres. In vivo 
interaction of antibodies with cclf surface proteins used as 
amincns. Tissue Ccii 1$ 1 19561 809- SI 6. 

[24] D. Cardcn. J.A. Young. D.N. Granger. Pulmonary micro^scu* 
bir injur}- after inresrinal ischemia reperfusion: role of P-sc- 
lectin. J, Appl. Physiol. 75 (1995) 2529-2554. 

[25] P.T. Chapman. F. Jamnr. A. A. Harrison. R.M. Binns. A.M. 
Peters. D.O. Haskard. Noninvasive imaging of E-scleciin ex- 
pression by activated endothelium in urate crystal-induced 
arthritis. Arthritis and Rheumatol. 37 (1994) 1752-1750- 

[26] E.M. Conway. M. Boffa. B. Nowakowski. M. Sieiner-Mosonyl. 
An ulirastructural siudy of thrombomodulin endocytosis: inter- 
nalization occurs via clathrin-coatcd and non-coated pits- J. 
Ceil, Physiol. 151 (1992) 604-612. 
[27] E.M. Conway. B. Nowakowski, m. Sieiner-.Mosonyl. Throm- 
bomodulin lacking the cytoplasmic domain effectively internal- 
izes thrombin via nonclathrin-coated. pit-mediated endocytosis. 
J. Cell. Biol. 158 (1994) 285-297. 
[28] E.M. Conway. S. PoHefcyt- D. Collen. M. Stcincr-Mosonyl, 
The amino terminal lectin-Iike domain of thrombomodulin is 
required for consiituiive endocytosis. Blood 89 (1997) 652-661. 
[29] P. Corvol. A. Michaud, F. Soubrier. T. Williams. Recent 
advances in knowledge of the structure and function of the 
angictensm-1 convening enzyme. J. Hvpertcnsion 15 (1995) 
S3 -SID. 

[50] D. Curiel. J. Pilewsky. S, Albelda. Gene therapy approaches for 
inherited and acquired lung diseases. Am. J. Resp. Cell. Mol, 
Biol, ]4 (1996) 1-18. 



29 

(51] D, Cushman. U- Cheung. Concentrations cf angiotensin-con- 
vening enzyme in tissue of the rat. Biochim. Biophvg. Acta 250 
M971 J 251-267. 

[52] V. Dasnrathy, B. Fan burg. Calcium ionophorc A23l$7 elevates 
ACE in cultured bovine endothelial cells, Biochim, Biophv$. 
Acta inio rl9^i 16-19. 

[55] S.M. Danilov, E. Allikmcr.s. I. Sakharov. E. Dukhaninu, I.N. 
Tmklit, Monoclonal antibodies to human a ngioicn sin-convert- 
ing enzyme. Bictcchnol. Appl. Biochem, 9 (I9?7j 312- 522. 

[54] S.M. Danilov. A. Facrman. O. Primzcva. A. Martynov. 1. 
Sakha rov. I. Trakht. Immunohistochemical stud}' of ACE in 
human tissues usin« monoclonal antibodies. HisiochemiMrv S7 
(19871 4S7-49I. 

[55] S. Danilov. A, Marlynov. A. Klibanov. M. Slinkin. 1. 
Sukharcn. A. Malov. v, Sergicnko. A. Vcdemikc-v. v. 
Muzykantov, V. Torch il in. Radioimmunoimagmg of lung ves- 
sels: an approach using lndium-1 1 1 -labeled monoclonal" ami- 
body io ACE. .1. Nud, Med. 30 (1989) 16S6-16S9. 

[56] $. Oiinilov. E. Atochina. H. Hiemish. A. Andjan. G. Dejch- 
main. V. Muzykantov. Lung vessel injun*: evaluation using 
radiolabeled monoclonal antibody io ACE. Eur. J. Nucl. Med". 
16 [Suppl.) (19901 Abstr//:667. * - 

[57] S.M. Danilov. v.R. Muzykamov. A.V. Manynov. E-N, 
Atcchina. I.Yu. Sakhorov. I.N. Trakht. V,N. Smirnov. Lung i> 
a larat organ for monoclonal antibodv to ACE, tab. Imrs:. 
04 (1991) 113-124. 

[5S] 5. Danilov. E- Atochina. H. Hiemish. T, Ch urakova. A, Mold- 
obayevu. I, Sakhurov. Q. Deichman. U. Ryan. V t Muzykantov. 
Interaction of monoclonal antibody io angiotensin-conveaing 
cnzymE (ACE) with antigen in vitro and in vitro and in vivo: 
antibody targeting io the lung induces ACE antigenic modula- 
tion. Intern. Immunol. 6 (1994) 1 155-1 160. 

(59] S.M. Danilov. E. Jaspard. T. Churakova, H. Towbin. F, 
Savoie. W. Lei. F. Alhonc-Gelas. Structure-function analysis of 
ACE using monoclonal antibodies. J. Biol. Chem. 2fi9 ( 1 994; 
26S06-26SI4. 

[40] S. DcMcc«cr. M. >,fo!inari. T. Shfraishi. K. Okabayashi. J. 
Manchester, M. 'A'ick. D. Cooper. G. Pallcrson. Aitenuitlion o{ 
r;u lung isografi reperfusion injurx* with a combination cf 
anii-iCAM-1 :.ind ;.inii-bcta-2 intcgrin monoclonal an ri bodies*. 
Triinsr.!anU:icn 62 1477 .|4S5. 

[41] C. Docrschttk. vv", Quinhtn. N. Doyle. D. Bullard. D. Vestwe- 
bcr, M. Jones. F. Takcl. P. Ward. A. Bcaudet. The role of 
P-selcctin and ICAM-l in acute lung injury as determined using 
blocking antibodies and mutant mice. J. Immunol 15" : 199*5) 
4609-4C04. 

[42] D. Ertzman. R. McCoy. X. Zheng, w. Fay. D. Ginsburg. R, 
Simon. Bleom vein-induced pulmonary fibrosis lii transgenic 
mice thai either lack or overexprcss the purine plasminogen 
activator inhibitor-I gene. J. Clin. Invest 97 (1996) 252-257. 

[45] M. Eppihimcr. B, Wolitsky. D. Anderson. M. Labow. D.N. 
Granger. Heterogeniety of expression of E- and P-selectins in 
vivo. Circ. Res. 79 (1996) 560-569. 

[44] M. Eppihimer. ). Russel. D. Anderson. B. Wolitsky, D.N. 
Granger. Endothelial cell adhesion molecule expression in gene- 
targeted mice. Am. J. Physiol. 275 (1997) H1903-H190S. " 

[45] D. Erbe. S. Watson. G. Presta. B. Wolitsky. C FoNail. B f 
Brand ley. L, Lasky. P- and E-sclecrin use common sites for 
carbohydrate ligand recognition and cell adhesion. J. Cell. Biol. 
120 (1995) 1227-1235. 

[46] E. Erdos. An gioten sin-convening enzyme and the chances of 
our eoncepi through the years. Hypertension 16 (J990) 365- 
570. 

[47] S. Erzurum. P. Lcmarchand. M. Roscnfcld. J. Yoo. R. Crystal, 
Protection of human endothelial cells from oxidant injury' by 
adenovirus-mediated transfer of caialase cDNA. Nucl. Acid 
Res. 2\ (1993) 1607-1612. 



12/09/2004 12:02 FAX 2158980868 



INST FOR ENVIRON MED 



029 



I'.*. .\f:rzykant t n m Pat hophysh h$y 5 (!99$) if- 35 



[4S] C.T. Estnon. The role of protein C and thrombomodulin in the 
regulation of blood coagulation. J, Biol. Chcm. 264 11959) 
4743-4746, 

[49J J. Fan tone. P. Ward. Role of oxygen-derived free radicals and 
metabolites in leukocyte-dependent inflammatory reactions. 
Am. J. Path. 107 (19S2) 397-415, 

[50] A.B. Fisher. C. Dodia. Z. Tan. 1. Ayene. R.G. Eckcnhoff. 
Oxygen-dependent lipid peroxidation during lung ischemia. J. 
Clin, invest. $g {1991] 674- 679. 

[51] F. Franke. R. Metier. R. Bohlc. L, Kerkman. P. Alhcnc- 
Gclas. 5.M. Danilov. Angiotesfn-l-con verting engine (CD 143) 
on endothelial cells in normal and in pathological conditions. 
In: T. Kishimoio et al. (Eds.). Leukocyte Typing vi. While Cell 
Differentiation Antigens. Garland Publishing Inc.. New York. 
1997. 749-751. 

[52] B. Freeman. J. Crapo. Hypcroxia increases oxygen radical 
production in rat lungs and lung mitochondria. J, Biol. Chcm. 
256 (1951) 10 956-10992. 

[55] B. Freeman. 5. Young. J. Crapo. Liposomc-mcdiated auamen- 
laiion of superoxide dismutase in endothelial cells prevents 
oxygen injury. J, Biol. Chem. 25S f ) 935 J 12 534-12 542, 

[54] B. Freeman, J.D. Crapo. Biology of disease. Free radicals and 
tissue injury. Lab. Invest. 47 (1987) 412-426. 

[55] V.A. Ford, C. Stringer. $.J, Kennel. Thrombomodulin is prefer- 
entially expressed in Balb c lima microvesscls. J. Biol- Chum, 
26" (1992) 5446-5450, 

[56] L.D. Chitcscu. P. Crine. B.S. Jacobson. Antibodies specific 10 
the plasma membrane of rat lung microvascular endothelium, 
Exp. Cel. Res. 232 (1997) 47-55. 

[57] T.I. Chose. A.H. Blair. P,N. Kulkami. Preparation of anti- 
body-linked agents. !n: J.J. Lanonc. H. Van Vumikis (Ed?.), 
Method* Enzymol, 93 (19S3) 280-533, 

[58] G. Gibbons. V. Dzau. Molecular therapies for vascular dis- 
eases. Science 272 (1996) 689-693. 

[59] R. Grcenviild. Superoxide dismutase and caialase as therapeutic 
agents for human diseases. Free Rad. Biol. Med. S (1990) 
201-209. 

[60] L. Greenwald. R. Becker. Expanding the paradigm of the 
renin- angiotensin system and angiotensin-convening enzymes 
inhibitors. Am. Hc:in J. 12S [1994] 997-1009. 

[61] G. Grescnadi?, Targeting of drugs. Nature 265 (197?) 131 .. 
135. 

[62] N. Huscgawa. A.w. Husari. w.T. Han. T,G. Kandra. T.A. 
Raftm. Role of the coagulation svstem in ARDS. ChcsT 105 
(1994) 26S-277. 

[63] J.E. Heffner. J.E. Repine. Pulmonary strategies of antioxidant 
defense. Am. Rev, Resp. Dis. 140 (1989) 551-554. 

[64] P. Hen son. R. Johnston Jr.. Tissue injury in inflammation. 
Oxidants, proteinases, and cationic proteins. J, Clin. Invest. 79 
(1987) 669*674. 

[65] M. Hiroc. Y. Ohta. M. Miyasalca. F. Marumo. Myocardial 
uptake of radiolabeled monoclonal antMCAM-I antibody in 
detecting acute myocardial infarction in rats. J. NucK Med. 34 
(1993) 66 (Abstract). 

[66] J, Hirsh. J. Hoak. Management, of deep vein thrombosis and 
pulmonary embolism. Circulation 9? (1996) 2212-2245. 

[67] E. Holmberg : K. Maruyama. S. Kennel. A. Klibanov, V, 
Torchilin. U. Ryan. L. Huang. Target specific binding of 
immunoliposomes in vivo. J. Liposome Res. 1 (1990) 292-406. 

[68] R. Horvat, G, Palade. Thrombomodulin and thrombin local- 
ization on the vascular endothelium: their internalization and 
transcytosis by plasmalemmaj vesicles. Eur. J. Cell. Biol. 61 
(1993) 299-313. 

[69} X. Huang. G. Molema. S. King. L. Watkins. T. Edgington. 
P.E. Thorpe, Tumor infarction by antibody-directed targeting 
of tissue factor to tumor vasculature. Science 275 (1997) 547- 
550. 



[70] M. incite. N, Waianabe. Y. Merino. Y. Tsmaka. T. Amacbi. J. 
Sasaki. Inhibition of oxygen toxicity by targeting superoxide 
dismutase to endothelial cell surface. FEBS Lett. 269 il) (1990) 
S9-92, 

[71] H, Ishii. K. Kizaki. S. Horic. M. Kazama. Oxidized LDL 
reduces Thrombomodulin transcription in cultured human en- 
dothelial cells through degradation of the lipoprotein in lyso- 
somcs. J. Biol! Chem. 271 ( 19961 S45S-8465. 

[72] F, Jamar. RT. Chapman. A.A. Harrison. R.M. Binns. D.O. 
Haskard. A.M. Peters. Inflammatory arthritis: imaging of en- 
dothelial cell activation with an indium- 1 1 1 -labeled F[ab")2 
fragment of anii-E-selectin monoclonal antibody. Radiolosv 
194(1995)843-850. 

[73] B.S, Jacobson. D.B, Stolz. J.E. Schnitzer. Identification of 
endothelial cell**urfacc proteins as largets for diagnosis and 
treatment of disease. Nature Medicine 2 (1996) 482-454, 

[74] K. Johnson. J. Famonc. J. Kaplan, P. Ward. In vivo damage of 
rat lungs by oxygen metabolites. J. Clin, Invest. 67 (1981) 
953-993. 

[75] A. Kavanaugh.L. Davis. R. Jain. L. Nichols. S. Norn's. P. 
Lipsky. A phase I II open label study of the safely and efficacy 
of an anti-ICAM-l monoclonal antibody in early rheumatoid 
arthritis. J. Rheumatol, 25 (1996) I33S-I344. 

[76] £. Kcclan. S, Licence. A. Peters. R. Binns. D. Haskard. Char- 
acterisation of E-sclcctin expression in vivo with use ?f a 
radiolabeled monoclonal antibody, Am. J. Physiol. 266 (1994) 
H 279- 290. 

[77] E. Keelan, A.A. Harrison. P.T. Chapman. R.M. Binns. A.M. 
Peters. D.O. Haskttrd. Imaging vascular endothelial activation: 
an approach using radiolabeled monoclonal antibodies against 
the endothelial cell adhesion molecule E-seleclin. J. Nucl. Med. 
35 (1994) 276- 2S1. 
[75] S. Kennel. T. Unkford. R. Ullrich. R. Jamashi. Enhancement 
of lung tumor colony formation by treatment of mice u'ivh 
monoclonal antibodies to pulmonary capillar}- endothelial cells. 
Cancer Res. JS t I9SS1 4964-4968. 
[79] S. Kernel. R. Lcc. 5. Buhnntn. C. Kabalka. Rot monoclonal 
antibody distribution in mice: an epitope inside the lunz vascu- 
lar space mediates very efficient localization. Nuci. Med. Biol. 
17 (19901 193-200. 
[SO] S. Kennel. R. Falconi. J. Wesley. Microdistribution of specific 
rat monoclonal antibodies to mcu>e tissues and human tumor 
xenografts. Cancer Res. 51 (1991) 1529-1536. 
[SI] 5. J. Kennel. Effects of target antigen consumption on distribu- 
tion of monoclonal amibodv to solid tumors. Cancer Res. 52 
(1992) 1284-1290. 
[32} J.M. Kiely. M.I. Cybulsky. F.W. Luscinskas. M.A, Gimbrone. 
Immunoseleciive targeting of an anti-thrombin agent to the 
surface of cytokme-activaied vascular endothelial cells. Arce- 
rioscler. Thromb. Vase. Biol- 15 (1995) 1211- 1218. 
[83] S.J. King. F. Booyse. P. Lin. M. Traylor. A. Narkares. S. 
Oparil. Hypoxia stimulates endothelial cell ACE svnthesis. Am. 
J. Physiol. 256 (1939) C1231-C1238. 
[84] S. Komatsu, 5. Flores. M. Gerritsen. D. Anderson. D.N. 
Granger. Differential up-regnlation of circulating soluble and 
endothelial cell intercellular adhesion molecule- 1 in mice. Am. 
J. Pathol, 151 (1997) 205-214. 
[85] T. Kuijpcrs. M. Raleigh. T. Kavanagh. H. Janssen. J. Calafat. 
D. Roos. J. Harlan. Cyiokine-activated endothelial cells inter- 
nalize E-selcctin into a lysosomal compartment of vesiculotubu- 
lar shape. J. Immunol. 152 H 994) 5060-5069. 
[861 T. Kumasaka, W, Quinlan. N. Doyle. T. Condon. J. Sligh. F, 
Take!. A. Beaudet. C. Bennet. C. Doerschuk. Role of the 
intercellular adhesion molecule- 1 in endotoxin-induccd pneu- 
monia evaluated using ICAM-1 antisensc oligonucleotides. 
anti-JCAM-1 monoclonal antibodies and ICAM-i mutant 
mice. J. Clin. Invest. 97 (1996) 2362-2369- 



12/09/2004 12:03 FAX 2158980868 



INST FOR ENVIRON MED 



121030 



Ktf. Muz, vkantav . Pathophysiology ,5 (199$) /5-.v }\ 



[87] D. Lcfbr. D, Flynn. D. Anderson. A. Buda. Combined inhibi- 
tion ol" P-Sclectin and (CAM- 1 reduces myocardial injury fol- 
lowing ischemia reperfu si on. Am. J, Phvsiol. 40 f 1 996) 
H2421-2429. 

[S3] R. Lijncn, D. CoIIcn. Remaining perspectives of mutant and 
chimeric plasminogen activators. Ann. N.Y. Acad. Sci. 667 
(I992i 357-;.&4. 

[89] 5, Liniz. J. Sadler. Inhibition of thrombomodulin surface ex- 
pression and protein C activation by the thrombogenic agent 
homocystein. J. Clin. Invest. 88 0991) 1906-1914." 

[90] D. Loruni. M. Topham. R. whailcy, R, McEver. T. Mclntyre. 
S. Prcscott. O. Zimmerman. Inflammatory roles orP-seleciin. J. 
Clin. Invest. 192 f J 993) 559-570, 

[91]. RC. Loughrey. A. Fcrraretto. A-M. Cannon. G, Acerbis, G. 
Sudati. G. Botiiroli. M. Masscrini. M.R, Soria. Characteriza- 
tion oi'bioiinylated liposomes lor in vivo largeiinu applications. 
FEBS Lett. 332 (1.2) (1993) 183-ISS. 

[92] H. von der Leyen. G. Gibbons. R. Morishita. N. Lewis. I. 
Zhang. M. Nakajima. Y. Kaneda, J, Cooke. V. Dzau, Gene 
Lhcrapy inhibiting neointimal vascular lesion: in vivo transfer of 
endothelial nilric oxide synthase gene. Proc. Nail. Acad. Sci. 92 
(1995) 1137-1141. 

[93] S. Louie. B. Halliwell. C. Cross, Adult respiratory distress 
Syndrome: a radical perspective. Advances in Pharmacol o&v 38 
(1997)457.490. 

[94] I, Maruyama. P. Majerus. The turnover of thrombin-thrombo- 
modulin complex in cultured human umbilical vein endothelial 
cells and A549 lung cancer cells. J. Biol. Chcm. 260 (19S5) 
15431-15438. 

[95] I. Maruyama. P. Majerus. Protein C inhibits endocyiosis of 
Thrombin thrombomodulin completes in A549 lung cancer cells 
and human umbilical vein endothelial cells. Blood 69 (1937) 
MSI- 1484. 

[96] K. Maruyama. E- Holmberg. S. Kennel. A. KKbanov. v. 
Torchilin. L. Huang. Characterization of in vivo immuno lipo- 
some: targeting to pulmonary* endothelium. J. Pharmaccut. Sci. 
79 (1990) 973-954. 

[97] K.. Maruyama. 5. Kennel. L. Huang. Lipid composition is 
important for highly efficient target binding and retention of 
immunoliposomes, Proc. Natl. Acad. Sci, USA S7 1 1990) 5744- 
j74S. 

[%) T. Matsilbai'a. M. 2iff. Increased superoxide anion release from 

human endothelial cells in response to cytokines. J. Immunol. 

137 (I9S6) 3295-3298. 
[99] J. McCormick. R. Throall. A. Kerijn. P. Ward. In vitro and in 

vivo effects of antibody to angiotensin-converting enzyme. Clin. 

Immunol, lmmunopathol. 15 (1980) 444-455. 
[100] M.P. Mcrkcr, W.W. Carley. C.N. Gillis. Molecular mapping of 

pulmonary endothelial membrane glycoproteins of the intact 

rabbit lung. FASEB J, 4 (1990) 3040-3048- 
[101] K. Moore. C Esmon. N. Esmon. Tumor necrosis factor leads 

to the internalization and degradation of thrombomodulin from 

ibe surface of endothelial cells in culture, Blood 73 [1989) 

159-165. 

[102] M.G. Mootc, R.B. Chrzanovsky, J, McCormick. W. Ciepinsky, 
A. Schu jnk, Production of monoclonal antibodies lo rat lung 
ACE- On, rmmunol. lmmunopathol. 33 (19S4) 301-312. 

[103] R.S. More. MJ. Underwood. D.P. dc Bono. Targeting 
fibrinolytic agents to the vessel wall: a new therapeutic niche?. 
Thromb. Haemost. 71 (1994) 158-159. 

[1CW] a. Mori. S. Kennel, W, van Borssum. G. Shcrphof, U Huang, 
Characterization of organ-specific immunoliposomes for deliv- 
ery of 3'.5'-0-dipalmiioyI-5-fluor-2'-dcoxyuridinc in a mouse 
lung-metastasis model, Cancer Chemotherapy Pharmacol. 35 
(1995) 447-456. 

[105] K.M. Moscr. W,R, Auger. P.P. Fcdullo, 5. Jamieson. Chronic 
thromocmbolic poltnonary hypertension: clinical picture and . 
surgical treatment. Eur. Rcsp. J. 5 (1992) 334-342. 



[106] D. Mullcr. D- Gordon. H. San, Z. Yang. V. Pompili. G. Nabcl. 
E, Nabel. Catheter-mediated pulmonary vascular gene transfer 
and expression. Circ. Res. 75 (1994) 1039-1049. 
[107] M. Mulligan. M. Poiley. R. Bayer, M. Nunn. J. Paulsen. P. 
Ward. Neutrophil-dcpendem acute Jung injury. Requirement 
for P-sdccrin (GMP-140). J. Clin. Invest? 90 (1992) 1600- 1 607. 
[I OS] M. Mulligan. A. Vaporcyian. M. Miyasaka. T. Tamatani. P. 
Ward. Tumor necrosis factor regulates in vivo intrapulmonsry 
expression of ICAM-1. Am. J. Pathol. 142 (1993) 1739-1749' 
[109] M. Mulligan. G. Till. 5. Smith. D. Anderson. M. Miyasako. T. 
Tamatani. R. Todd. T. IssekutZ. P. W« r d. Role of leukocyte 
adhesion molecules in lung and dermal vascular injury after 
thermal trauma of skin. Anv-Jb-Paihol. 144 11994) 1003-1015. 
[110] M, Mulligan. A. Vaporciyan, R,L. Warner, M. Jones. K. 
Foreman. M. Miyasaka, R.F. Todd. P.A. Ward. Compartmen- 
talized roles for leukocytic adhesion molecules in lung inflam- 
mation injury. J. Immunol. 154 (1995) 1330-1363. 
[Ill) M. Mulligan. E. Schmid, B. Beck-Schimmer. G. Till. H. Friedl. 
R. Braucr. T, Hugli. M. Miyasaka. R. Warner. K. Johnson. P, 
Ward. Requirement and role of C5a in acute lung inflammatory 
injury in rats. J. Clin, Invest. 98 (1996) 503-512. 
[1 12] M. Mulligan. E. Schmid, G. Till. T. Hucli, H. Fricdl. R. Roth, 
P. Ward. C5a-dependem up-rcgulation in \-ivo of lung vascular 
P-selectin. J. Immunol. 158 (1997) 1857-IS6I. 
[115] V. Muzykamov. D. Sakharov. 5. Domogatsky, N. Goncharov. 
S. Danilov. Directed targeting of immunoerythrocyres provides 
local protection of human endothelial cells from damage by 
hydrogen peroxide. Am. J. Pathol, 12S (1987) 22G-234. 
(114] v, Muzykaniov. p. Sakharov. V. Sinitsyn. N. Goncharov, S. 
Danilov. Specific killing of human endothelial cells by anti- 
body-conjugated glucose oxidase. Anal. Biochem. 169 (1988) 
383- 3S9. 

[1 T5] V. Muzykaniov. A. Martynov. E. Puchnina. S. Danilov. Tn vK'o 
administration of glucose oxidase conjugated with monoclonal 
antibody to ACE: targeting into the lung. Am. Rev, Respir. 
Dis. 136 (1989) 1464-1473. 

[116] V. Muzykaniov. 0. Trubetskaja. E. Puchnina. D. Sakharov. S. 
Domogatsky. Cytotoxicity of glucose oxida.se conjugated with 
antibodies to target cells: efficiency of killing depends of the 
conjugate internalization. Biochim. Biophvs. Act:i 105? i 19901 
27-31. 

[117] V. Muzykaniov. 5. Danilov. Glucose oxidase conjugated with 
anticndotheliai monoclonal antibodies: in vitro and in vjvo 
studies. Intl. J. Rad. Biol. 60 (1991) 11-15. 

[118] V. Muzykaniov. S. Danilov, A new approach to the investiga* 
tion of oxidative injury to the pulmonary endothelium: use of 
ACE as a marker. Biomed. Sci. 2 (1991) 11-21. 

[U9] V. Muzykaniov. E. Puchnina. £. Atochina. H. Hiemish. M. 
Slinkin, F. Meertzuk. S. Danilov, Endotoxin reduces specific 
pulmonary uptake of radiolabeled monoclonal antibody to 
ACE. J. Nucl. Med. 32 (1991) 453-460. 

[120] V. Muzykaniov. E. Atochina. V, Gavriljuk. S. Danilov. A, 
Fisher, immunotargeting of streptavidin to the pulmonary en- 
dothelium. J. Nud. Med. 35 (1994) 1353-1365. 

[121] V.R. Muzykantov. S.M. Danilov. Targeting of radiolabeled 
monoclonal antibody against ACE to the pulmonary endothe- 
lium, la: V, Torchilin (Ed.), Targeted Delivery of Imaging 
Agents, CRC Press, Roca Baton, Fl. 1995, pp. 465-485. 

[122] V. Muzykantov. V. Gavriruk. A. Reinccke, E. Atochina. A. 
Kuo. E. Barnathan. A. Fisher, The functional effects of biotiny- 
lation of anti-ACE monoclonal antibody in terms of targeting 
in vivo. Anal. Biochem. 226 (1995) 279-287, 

[123] V. Muzykaniov, E. Barnathan, E. Atochina, S. Danilov, A.B. 
Fisher, Targeting of antibody-conjugated plasminogen activa- 
tors to the pulmonary vasculature, J, Pharmacol. Exp. Therap. 
279 (1996) 1026-1034. 



12/09/2004 12:04 FAX 2158980868 



INST FOR ENVIRON MED 



@031 



I'.R. .\f uzykomot ParJiopftysfohgj ' * d 99$) 1 jf-.v 



[\24] V. Muzykiiniov. E. ATOchina. H. Ischiropoulo*. S. Danilov, A. 
Fisher. Immunotargetins or antioxidant enzymes to the pul- 
monary endoihclium. Proc. Nail. Acad. Sci, USA 93 (1996) 
5215-521S. 

[125] V. Muzykamov. E. Arochina. A. Kuo. E. Barnathan. K. Norar* 
franccsco. H. Shuman. C. Dodia. A. Fisher. Endothelial cells 
internalize monoclonal antibody to angiotensin-convertine en- 
zyme. Am. J, Physiol. 270 (1996) L704-L~13. 

[Ufi] V, Muzykamov. I. Balyasnikova. A.B, Fisher. M. Smirnov. N. 
Csmon. C- Esmon. Endothelial cells selectively internalize mon- 
oclonal antibody reacting with chondroilin Sulfa te-frce throm- 
bomodulin. Circulation 96 (1997) 143-144. Abstr. 70ih 
Scientific Session AHA. 

[127] Y. Nako. K, Toda. K. Kayano. M. Oz. D. Pinsky. Failure to 
express ihe P-sclcciin gene or P-sclcctin blockade confers early 
pulmonary protection after lung ischemia or transplantation. 
Proc. Natl. Acad. Sci. USA 94 (1997) 757-761, 
P.J. Newman. The Biology of PECAM-1. J. Clin. Invest. 99 (I) 
(199713-7. 

[129] B. Nievcscruz. A- Rivera. J. Cifuemes. G. Paiaki. S. Matalon. 
W.a. Carlo. A.K. Tansvell. B. Freeman. Clinical surfactant 
preparations mediate SOD and caialase uptake by type II cells 
and lung tissue. Am. J. Physiol, 14 (41 (1996) L659- L667. 

[130] R.J. Owens. R.J. Young. The genetic engineering of mono- 
clonal antibodies. L Immunol Meih. I6S (1994) U9-165. 

[151] J. Panes. M. Perry. D- Anderson. A. Manning. B. Leone. G. 
Cepmskas. C Rosenbloom. M. Miyasaka. P. Kvietis. D,N. 
Granger, Regional differences in constitutive and induced 
ICAM-1 expression in vivo. Am. J. Physiol. 269 (1995) HI95S 
H1964. 

[152] A. Papapctropoulos. A. Anionov. R. Virmnni. F. Kolodcic. D. 
Munn. N. Marczin. J. Ryan. R. Gerriiy. J. Cairavus. Monocyte 
and cylokinc-induccd downrcgulation ofan^ioTeniin-converting 
enzyme in cultured human and porcine endothelial cells. Ore. 
Res. 79 1 1996) 512-523- 

[135] K, PateL O". Zimmerman. S. Prescott. R. McEver. I. Mclmyre. 
Oxygen radicals induce humyr. endothelial cell? to express 
OMP-140 and bind neutrophil?. J. Cell. Biol. 112 (1991) 749- 
759. 

[134] J.5. Pobcr. Effects of tumour necrosis factor and related cytoki- 
nes on vascular endothelial cells. Ciba Found. Svim\ !31 f T9-?7) 
170-IS4. 

[135] M. Poznansky. R. Juliano. Biological approaches io the con- 
trolled delivery of drugs. Pharmacol. Rev. 36 (1934) 277-335. 

[136] P. PraysFak. S-C Erzurum. C. Daniel. N.T. Eissa. R.G, Crys- 
tal. P. Hej-ve. M. Mazmanian, P, Lamerchand. Aden ©virus-me- 
diated transfer to the lung of cataJase and superoxide dismuiase 
cDNAS prevents hypoxia toxicity but nor ischemia reperfusion 
injur}- in rats. Am. J. Resp. Crit. Care Med. 155 (1997) Abstr. 
ATS ALA Internal, Conference, p.265. 

[137] R, Prewin. Principles of thrombolysis in pulmonary embolism. 
Chest 99 (1991) 157-164. 

[138] S- Pringle. D.P. de Bono. Monoclonal antibodies to damaged 
and regenerating vascular endothelium. J. Clin. Lab, Immunol. 
26 (1989) 159-162. 

[139] Y. Reyter. \J. Brinkmann. I. Pastan. Engineering antibody Fv 
fragments for cancer detection and therapy: disultlde-srabifized 
Fv fragments. Nature Biotechnol. 14 (1996) 1239-1245. 

1)40] Y. Rival. A. Del Maschio. M-J. Rabiet. E. Dejana. A. Duper- 
ray. Inhibition of platelet endothelial cell adhesion molccule-I 
synthesis and leukocyte transmigration in endothelial cells by 
the combined aciion of TNF-z and I FN-;*. J. Immunol, 157 
(1996) 1233-1241. 

[141] U.S. Ryan. J.W. Ryan. C Whiwker. A. Chiu. Localization of 
angiotensin-converting enzyme (kininase II). Immunocytochcm- 
istry and immunofluorescence. Tissue and Cell 8 (1976) 125- 
145. 



[U2] U.S. Ryan tEd,). Pulmonary Endothelium in Heahh and Dis- 
ease. Marcel Dckker. New York- Basel. 1937. 

[143] D. Rodman. H. San. R, Simari. D. Stephen. F. Tanner. 2. 
Young. G. Nabel. E. Nabel. In vivo gene delivery to the 
pulmonary circulation in ruts; transsene distribution and vascu- 
lar inflammatory response. Am. -F. Respir. Mof. Cell. Biol. |fi 
1 1997) 640-649. 

[144] K.. Roebuclc. A. Rahman. V. Lakshmiiiarsiyanan. K.. 
Janakidevi. A. Malik. H : 0 ; and tumor necrosis factor activate 
intercellular molecule 1 cene transcription through distinct cis- 
regulatory elements within fCAM-1 promoter, J, Biol. Chem 
270 (1995) IS 966- 18 974. 
[145] M. Rorvik. D. Allison. J, Hoxchkiss. H. Witschi. S. Kennel. 
Antibodies to mouse lung capillary endothelium. J, Histochem. 
Cyrochcm. 36 (19FS> 74 [...749. 
(146] D. Sakha row V. Muzykamow S. Domogarsky, S. Danilov. 
Protection of cultured endothelial cells from hydrogen perox- 
ide-induced injury by anti body-conjugated caiaHise. Biochim. 
Biophys. Acta 930 (I9&7) U0-144. 
[U7] D. Sasso. M. Gionfriddo. R. Wdner. Localization of In-Ill 
Itibeled IgG. PMN and amMCAM-1 in a rat model for ARDS. 
J. Nucl. Med. 54 (1993) 244p (Abstr). 
[14S] U, Sasso. M. Gionfriddo. R. Thrall. S, Syrbu. H. Smiio^tz. R. 
Wciner. BiodistribuLion of indium-labeled antibody directed 
against ICAM-1, J. Nud. Med. 57 r 1996) 656-661. * 
[149] 5. Schachmer. J. Rome. R. Hoyt. K. New-man, R r Vimiani. D. 
Dichck. In vivo adenovirus-mediated £ene transfer via the 
pulmonary artery of rats. Ore, Res. 76 (1995) 710-719. 
[150] 1. Schraufsatter. S. Rcsak. C- Cochrane. Proteases and o.\idanls 
in experimental pulmonan- inflammatory injurv. J. Clin. Invest, 
73 (1984) 1 175-1 1S4. 
[151] K. Schwwchzek. K. Weiss. I. Reizinger. A. Bankier. H. Do- 
ma no vim. M. Seidler. Pulmonary embolism; diagnosis and 
treatment. Seminars Thromb. Hemosr. 22 (19961 33 • 52 
[152] M.A. Schwann J. Lazo. J. Yalowich, J, Reynolds. V. Kagan, 
v. Tyurin. Y. Kim. S. Warkins. B, Pitt. Cytoplasmic meralloih- 
ionein ovcrc.\prcs?ion protects NIH 5T5 cells from ter-butyl hy- 
droperoxide toxicity. J. Biol. Chem. 269 (!994) 15 23S- 15 243. 
[153] D. Spr«2£. D. Alford. R. Grtferath. C. Larscn. K. Lee. C. 
Gurlhncr. M. Cybulsfcv, F, Tosi. C. Nicola u. M. Gimbrone. 
Immunotaraeting of liposomes to :ietivated vascutar cndciheliul 
eclly: a Ftratecy for site-deliver-- in the cardiovascular sypicm. 
Proc. Natl. Acad. Sci. USA 9A (1997) S795-S500. 
(154) T.A. Springer. Adhesion receptors of the immune sysrem. Na- 
ture *46 (1990)425-434. 
[155] RJ- Stewart. T.S. ICashour, P.A. Marsden. Vapculgr endothe- 
lial platelet endothelial cell adhesion molecule-] (PECAM-I) 
expression is decreased by TNF-alpha and IFN-gamma, Evi- 
dence for cytokine-induced disabilization of messenger ribonu- 
cleic acid transcripts in bovine endothelial cells, J, Immunol. 
156 (3) (1996) 1221-1228. 
[156] T. Tamatani. M. Miyasaka. Identification of monoclonal ami- 
bodies reactive with the rat homologuc of I CAM- 1 and evi- 
dence for differential involvement of ICAM-1 in the adherence 
of resting versus activated lymphosytcs to hish endothelial cell>. 
hu. Immunol. 2 (1990) 166-175. 
[157] G. Tang. J.E. White. RJ. Gordon. P.D- Lumn. M.F. Tsan, 
Polyethylene ^lycoJ-conjtigated superoxide dismurasc protects 
rats against oxygen tonicity. J. Apph Physiol. 74 (3) (1993) 
1425-1431. 

[155] T. Tomashefsky. P. Davies, C. Boggs. R. Greene. W. Zapok L. 
Reid. The pulmonary vascular lesions of the adult respiratory 
distress syndrome. Am. J. Pathol. 112 (1985) 1 12-126. 

[159] V.P. Torchilin (Ed.). Handbook of Targeted Deliver>' of Imag- 
ing Agents, CRC Press. Roca Baton-New York-London- 
Tokyo. 1995. 



12/09/2004 12:05 FAX 2158980868 



INST FOR ENVIRON MED 



@032 



f'-R. MitzykantM Pathophysiology 5 (1998) 15-}5 



[160J 0. Trubetskaya. V. Trubetskoy. S. Domogantsly, A, Rudin. N, 
Popov. 5, Danilov. M, Nikolayeva. a. KHbano'v. V. Torchilin, 
Monoclonal ami body to human endothelial surface internaliza- 
lion and liposome deliver in cell culture. FEBS Lett, 22S 
(I9SS) 131-134. 

[161] vs. Trubetskoy. V.p. Torchilin. S. Kennel, L. Huang. Cationic 
liposomes enhance targeted deliver.* and expression of exoge- 
nous DNA mediated by N-tcrminal modified poly(L-!ysine)-an- 
tibody conjugate in mouse lung endothelial cells, Biochim. 
Biophys. Acia 1131 (1992) 31 1 -313. 

[162] v.S. Trubetskoy. V.P. Torchilin. S. Kennd. L. Huang. U$e of 
N*teiminal modified poly{l-lysine)*amibody conjugate a.s a car- 
rier for targeted gene delivery in mouse lung endothelial cells. 
Bioconjugatc Chemistry 3 (1992) 323-327. " 

[163] V. Truong. J. Williams. J. Hildreth. K. Lcong, Targeted deliv- 
er)* of immunomicrosphercs in vivo. Drue Delivery 1 (1995) 
166-174. 

[164] MJ. Underwood. S. Prignle. I>P, de Bono. Reduction of 
ihrombus formation in vjvo using a thrombolytic agent targeted 
at damaged endothelial cells. Brit. J. Surg, 79 (1992) 915-917. 

[165] A. A. Vaporician. H.M. DeUsser. H.C. Yan, i, Mendigurcu. 
S.R. Thorn. M,L, Jones. P.A. Ward. S.M. Albclda. Plaielei-en- 
doihelial cell adhesion molecule. 1 (PECAM-1) is involved in 
neutrophil recruitment in vivo. Science 262 (1993) 1580- 1 5S2. 

[IG6] A. Vaporciyan, M. Mulligan. J.S, Warren. P.A. Barton. M. 
MiyasakiL P.A. Ward. Up-regulation of lung vascular ICAM-1 
in rats is complement-dependent, J, Immunol 155 (1995) 1442- 
1449. 



[167] J. Varani. P. Ward. Mechanisms of endothelial cell injury in 
acute inflammation. Stroke 2 (1994) 311-319. 

[168] M. Verstraete. R. Lijnen. Novel thrombolytic agents. Cnrdio 
vasc. Drills Therapy g ( ] 994) SOI -S 1 1 . 

[169J M. Versiracte. Thrombolytic therapy in pa lien ts «-iih acute 
pulmonary embolism. Fibrinolysis 9 (1995) 23 -2$. 

[170] H. von der Lcycn. Q. Gibbons. R. Morishmi. N. Lewi?. L. 
Zhang. M. Nakajima, Y. Kanedn. J. Cooke. V. Dzmi, Gene 
therapy inhibiting ncointimal vascular lesion: in vivo transfer of 
endothelial nitric o.xide synthase gene. Proe, Natl. Acad. 5ei. 92 
(1995] 1 137-1141. 

[171] E. Warier, O, Curiei. M. Cotten. Delivery of drugs, prorcins 
and genes into cells using transferrin us a ligand for receptor- 
mediated endocyrosis. Adv. .C^ug Deliv. Rev. |4 (1994) 113- 
135. 

[172] K, Waianabe. Q. Lam. R. Kercsztes, E. Jaffe. Lipopolysaecha- 
rides decrease ACE activity expressed by cultured human en- 
dothelial cells. J. Cell, Physiol. 150 f 1992) 433-439. 

[173] M.W. Wakelin. M-J. Sanz. A. Dewur. S.M. Albelda. S.W. 
Larking. N. Bouehton-Srnith. TJ. William*. S. Nourshargh. 
An ami-PECAM -I antibody inhibits leukocyte exinjivasaiion 
from mesenteric microvcsscls in vjvo by blocking the passage 
through the basement membrane. J. Exp. Med. ipa (1996) 
229-239. 

[174] M. wilchek. E. Bayer. The avidin-bioiin complex in biomedical 
applications. Anal. Biochem. 17] U9?S) I -32. 

[175] ST. Woolcy, P.G. Hcllewcll. Pulmonary and dermal E-sclecim 
expression in vivo quantified using a radiolabeled antibody. 
Am. J. Resp. Grit. Care Med. 153 (1996) A2S4 (abstri. 



D 12/09/2004 12:05 FAX 2158980868 



INST FOR ENVIRON MED 



11034 



BIOMEDICAL ASPECTS 
OF 

DRUG TARGETING 

EDITORS 



VLADIMIR MUZYKANTOV, M .D., Ph.D. 

University of Pennsylvania 
School of Medicine 
Philadelphia, PA 
USA 



VLADIMIR TORCHILIN, Ph.D., D.Sc. 

Northeastern University 
School of Pharmacy 
Boston, MA 
USA 



KLUWER ACADEMIC PUBLISHERS 

Boston/Dordrecht/London 



12/09/2004 12:06 FAX 2158980868 INST FOR ENVIRON MED ®035 



TABLE OF CONTENTS 

SECTION 1 : GENERAL PRINCIPLES OF DRUG 
TARGETING 

1 

STRATEGIES AND MEANS FOR DRUG 

TARGETING: AN OVERVIEW 3 
Vladimir P. Torchilin 

2 

BIOLOGICAL BARRIERS FOR DRUG TARGETING 27 
Vladimir R. Muzykamov 



SECTION 2: CARDIOVASCULAR TARGETING 

3 

TARGETING THE PATHOLOGICAL 

MYOCARDIUM 47 
Ban-An Khaw 

4 

TARGETING ATHEROSCLEROTIC PLAQUES 6 9 
Ban-An Khaw 

5 

THROMBUS TARGETING OF PLASMINOGEN 

ACTIVATORS AND ANTICOAGULANTS g 5 
Karlheinz Peter, Christoph Bode 

6 

TISSUE-SPECIFIC PHARMACODELIVERY AND 
OVERCOMING KEY CELL BARRIERS IN VIVO: 

VASCULAR TARGETING OF CALVEOLAE 107 
Lucy A. Carver, Jan £. Schnitzer 



7 

TARGETING PULMONARY ENDOTHELIUM 
Vladimir R. Muzykantov 



129 



12/09/2004 12:06 FAX 2158980868 



INST FOR ENVIRON MED 



@036 



7 

TARGETING PULMONARY ENDOTHELIUM 



Vladimir R. Muzykamov 

Department of Pharmacology. University of Pennsylvania School of Medicine. Philadelphia, 
PA 19104-6068 



INTRODUCTION 

The pulmonary endothelium maintains vital functions including 
control of thrombosis, inflammation, vascular permeability and blood 
pressure. Endothelial cells in the lung blood vessels are vulnerable to 
oxidative, ttoombotic and inflammatory insults and represent an important 
target for therapies. However, despite the huge surface and high accessibility 
of this target to blood, only a minor fraction of circulating therapeutics is 
adequately delivered to the pulmonary endothelium. Effective, safe and 
specific delivery of drugs, enzymes and genetic materials to this target may 
help to improve current modalities in therapies and prophylaxis of pulmonary 
hypertension., oxidative stress : embolism, edema, acute lung injury, and other 
disease conditions- 
Affinity carriers, such as monoclonal antibodies and endothelial 
surface determinants, may permit targeting and proper sub-cellular addressing 
of drugs in the pulmonary vasculature. Vascular immunotargeting may also 
provide secondary therapeutic benefits due to blocking of the target antigens, 
such as surface adhesion molecules involved in inflammation or angiotensin- 
converting enzyme involved in hypertension. This chapter describes features 
of the pulmonary endothelium as a therapeutic target, outlines principles, 
methodologies, the current status of vascular immunotargeting to the 
pulmonary endothelium, and gives specific examples of delivery systems that 
show promising results in pre-clinical animal studies- 
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Pulmonary Endothelium as a Therapeutic Target 

Pulmonary endothelial cells, as wdl as the endothelium in other 
organs, form a cellular monolayer on the luminal surface of blood vessels and 
control vascular permeability, blood-tissue exchanges, blood pressure and 
fluidity, interactions between blood cells and tissues, as well as other 
important normal and pathological functions of the vascular system. 

The endothelium produces and controls synthesis of agents that cause 
either vasorelaxation (e.g., nitric oxide, NO, and prostacyclin) or 
vasoconstriction (peptides, endothelin, angiotensin IL Ang II). Peptidases and 
proteases exposed on the surface of endothelial cells activate vasoactive pro- 
peptides. For example, angiotensin-converting enzyme, ACE, converts Ang I 
into Ang II and inactivates bradykinin and substance P (Erdos et al., 1990). 
Thus, blood perfusion through the lungs serves both gas exchange purposes 
and enables the conversion of numerous peptides that regulate blood pressure 
and vascular permeability, 

The endothelium helps to prevent thrombosis. In concert with plasma 
protein C endothelial transmembrane glycoprotein thrombomodulin converts 
thrombin into an anti-coagulant enzyme (Esmon, 1989). Among other anti- 
thrombotic factors, endothelium secretes NO that suppresses platelet 
aggregation as well as urokinase and tissue type plasminogen activators that 
dissolve blood clots via generation of a fibrin-degrading protease plasmin. 

The endothelium controls inflammation, a process that is often 
intertwined with thrombosis. Under normal circumstances, endothelial cells 
provide very limited, if any : support for activities of pro-inflammatory cells 
(e.g., white blood cells). However, pathological mediators, including 
cytokines, reactive oxygen species, growth factors and abnormal shear stress, 
induce endothelial secretion of chemoattractants and exposure of adhesion 
molecules leading to leukocyte attraction, adhesion and transmigration (see 
schema of vascular inflammation in Chapter 2). 

Endothelial cells play an important role in normal and pathological 
vascular redox mechanisms. They produce reactive oxygen species (ROS) 
including superoxide anion (0 2 ") and H 2 0 2 via enzymatic pathways that can 
be further activated by pathological mediators, ROS apparently play an 
important role in cellular signaling. However, their overproduction leads to 
vascular oxidative stress, inactivation of NO by 0 2 \ lipid peroxidation and 
tissue injury (Freeman and Crapo, 1987). 

In the lungs, most of endothelial cells belong to the alveolar 
capillaries that are constitutively exposed to relatively high oxygen levels and 
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-vulnerable to pro-inflammatory and damaging effects of alveolar 
macrophages activated by inhaled agents (e.g., dust and pathoeens). 
Pulmonary vasculature is a target of pathological remodeling and fibrosis 
associated w,th many forms of heart diseases, drug toxicity, radiation injury 
and primary pulmonary hypertension. Alveolar capillaries represent a filter 
collecting activated leukocytes, metastasizing tumor cells and clots from the 
• venous blood. 

The pulmonary endothelium is affected by byperoxia. hypertension 
smoke, dust inhalation, pneumonia, cardiac failure, sepsis, thrombosis' 
diabetes cancer and many other pulmonary and systemic disease conditions' 
Endothelial injury leading to a vicious cycle of pulmonary thrombosis" 
inflammation and edema underlies the pathogenesis of some forms of Acute 
Lung Injury (ALI) or Adult Respiratory Distress Syndrome (ARDS) a life- 
threatening condition associated with trauma, sepsis and hemorrhage that 
cause a high mortality. 

Theoretically, -adequate (i.e., effective, specific, safe and directed to a 
proper sub-cellular compartment) delivery of therapeutics (eg drugs 
proteins or genes encoding these proteins) could improve treatment 'of these 
disease condinons. For example, targeting of NO-donors, NO-symhase or 
gene encoding NOS could be useful for treatment of pulmonary hypertension 
m addition, targeting of anti-oxidant and anti-inflammatory agents might help 
to manage pulmonary oxidative stress and inflammation, whereas targeting of 
anti-thromboiic agents might prevent thrombosis or facilitate dissolution of 
thrombi. 



Immunotargeting to the Pulmonary Endothelium: An 
Overview 

The pulmonary vasculature is the first major capillary network 
encountered by drugs after intravenous injection. It contains roughly one third 
of endothelial cells in the body, filters the whole cardiac output of venous 
blood, and represents a privileged target for vascular drug delivery (Danilov 
et al., 2001). Thus, cationic liposomes and many viruses accumulate in the 
lungs due to blood filtration, ft should be noted, however, that the specificity 
and safety of this strategy remain to be more rigorously characterized. 

Unless drugs are coupled to high-affinity carriers, even after local 
infusion via vascular catheters, the perfusion removes drugs and their 
aenvativcs rapidly. Devices allowing a transient cessation of blood flow in 
the site of catheter placement have been designed in order to attain a high 
iocal concentration and a more effective prolonged interaction of the infused 
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material with endothelium. However, blood flow interruption may lead to 
ischemia and vascular injury. The lack of a viable means for the effective, 
rapid, and safe targeting of therapeutic molecules to the endothelium 
represents an important biomedical problem. 

Vascular lmmuriOtargeting. a strategy utilizing coupling of drugs to 
antibodies or antibody fragments to endothelial determinants, promises such a 
means of delivery of drugs and genetic materials to the pulmonary 
endothelium (Muzykantov. 1998). The requirements that should be met in 
order to achieve immunotargetmg to pulmonary endothelium include the 
following; 

• Target antigens should be abundant on the endothelium to permit robust 
targeting. When a transiently expressed antigen is used as a target, the 
identified time window should be adequate for drug delivery. 

• Target antigens should not be present in blood or in non-endothelial cells 
that are accessible to blood. For example, endothelial cells have transferin 
receptors; however, they are also abundantly expressed in hepatic and 
other cells accessible to blood. Therefore, transferin-targeted drugs 
accumulate mostly in the liver (and. to some extent, in the brain, since 
cerebral endothelium is enriched in transferin receptors), with a relatively 
modest uptake in lungs. Plasma or blood cells' antigens' drug delivery 
detracts from delivery to the endothelium. 

• The level of antigen expression by endothelial cells should not be 
suppressed upon conditions at which targeting is desirable, 

• Depending on the therapeutic goal, an antibody-drug complex* should be 
either retained on the cell surface or undergo trafficking to a proper sub- 
cellular compartment. 

« The binding of antibody-drug complexes to an antigen should not cause 
harmful or uncontrolled side effects, 

• Ideally, binding of an antibody-drug complex to a target antigen should 
cause therapeutically beneficial side effects. 

• Theoretically, recognition of specific types of endothelial cells and even 
certain parts of an endothelial cell body is possible. 

The results accumulated within the last decade indicate that 
monoclonal antibodies to angiotensin-converting enzyme, surface adhesion 
molecules, and caveoli-associated antigens represent potentially useful 
carriers for immunotargetmg pulmonary endothelium. In the following 
sections, we briefly discuss methodology of the studies and several selected 
examples of the immunotargetmg. 
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Biomedical Aspects of Drug Targeting 133 

Methodological aspects of the vascular immunotargeting 

Several experimental models are used to study targeting of the 
pulmonary endothelium. Endothelial cell cultures provide a useful model to 
determine the affmiry of hinding, mechanisms of intracellular uptake., and 
targeting effects under defined conditions with practically unlimited variables 
and number of measurements. Tracings of radiolabeled compounds, as well as 
fluorescent and electron-microscopy imaging, provide abundant and easily 
interpretable data (Figure 1, below). However, the identity of the cultivated 
cells to their counterparts in vivo is questionable (especially at high culture 
passages) and cells in culture lack adequate environmental factors such as 
extracellular matrix, physical stress, as well as neuronal and hormonal 
regulation. 
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Figure J Binding and internalization of radiolabeled PECAM-1 monoclonal antibodies (left 
panel) and anti-PECAM streptavidin conjugates (SA/b-amibody right panel) ,n human 
umbilical vein endothelial cell cultures (HIJVEC). Analysis of the 8urftcMs»c«t«d and 
internalized radioactivity was performed using acidic glycin elution. Anti-PECAM ard ami. 
PECAM/SA (both indicated as Ab), but not IgG counterparts specifically bind to the 
endothelial cells, *hich constitutively express PECAM. Anti-PECAM reimms mostly 
associated with the cell surface whereas SA/b-anri-PECAM conjugate is internalised a 37 C 
(Adapted from Muzylcantov ct al, PNAS USA 1999, with permission, see comments m the 
section describing PECAM targeting). 

Perfusion of isolated lungs represents a unique model that eliminates 
many artifacts of cell cultures and permits the use of diverse perfusion and 
ventilation conditions (variable flow rate, temperature, gases, and blood 
components) to study interactions of circulating agents with pulmonary 
endothelium in the absence of confusing systemic effects. This model allows 
confirmation of the specificity and kinetic parameters of the targeting, as well 
as identification of subcellular addressing of cargoes and effects of the 
targeting (Muzykantov et al., 1999; Danilov et aL, 2001; see also Chapter 6 by 
Carver and Schnitzer). 
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]34 Targeting Pulmonary Endothelium 

Animal studies ultimately evaluate targeting under normal or 
pathological states. Injections of a mixture of immune and non-immune 
conjugates labeled with different isotopes (e.g.. 12> Iodme and l21 Iodine) permit 
the most accurate measurement of several parameters of targeting (Figure 2). 
Percent of injected dose uptake in an organ (%ID) shows biodistribution in 
the body and robustness of deliver/ to a target organ. Secondly, %ED 
normalized per gram of tissue (%ID/g) permits comparison of uptake in 
different organs and tissue selectivity of the uptake. This parameter also 
permits comparison of the data obtained in different animal species. Ratio 
between %JD/g in an organ and in blood gives the Localization Ratio, LK 
This parameter compensates for a difference in blood level of circulating 
radiolabeled antibody (e.g., due to different rate of uptake by clearing or 
target organs). The Immunospecificity Index (ISI) ratio of the pulmonary 
uptake of immune and non-immune counterparts provides the most objective 
measure of targeting specificity. 
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Figure 2. Distribution of l31 MgG (closed bars) and ami-PECAM/ J25 I-streptavidm (hatched 
bare) in the organs 1 hr post-systemic intravenous injection in pigs. A. Absolute values of the 
isotopes uptake normalized per weight. B. Ratio of radioactivity per gram of tissue to that in 
blood (Localization Ratio). C. Immunospcciftcity Index of anti-PECAM uptake in the organs 
calculated as ratio of LR for I25 Iodine and ,5l Iodine. Note that the anti-PECAM conjugate, but 
not the non-immune control counterpart, preferentially accumulates in the lungs (Adapted from 
Scherpereel et al. T JPET 2002, with permission). 
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SELECTED EXAMPLES OF PULMONARY TARGETING 

N ° universal or ideal carrier that suits all therapeutic needs exists 
Specific therapeutic goals require different secondary effects mediated by 
binding to the target, drug targeting to different populations of endothelial 
cells (e.g., resting w . inflammation-engaged), and diverse cellular 
compartments. Table I shows endothelial determinants useful for 
experimental and, perhaps, therapeutic targeting pulmonary endothelium. 

Table I. Endothelial determinants: candidate targets. EC - endothelial cells ACE - 
adhesion molecule, ICAM - intercellular adhesion molecule; gp - glycoproteins 



Target 


Function and 
Localisation 


Targeting 
Advantages 


Potential Problems 


ACE 


^cpuuase, converts 
Ang I into Ang JI and 

cleave VirarlvL'iTiiVk 

ACE enriched in the 
lung capillaries. 


Selective targeting to 
lung EC. Intracellular 
delivery. Vasodilating 
and anti-inflammatory 
effects of ACE 
inhibition. 


Inflammation 
suppresses targeting. 
ACE inhibition may 
be dangerous. 


TM 


Binds thrombin and 
converts it into anti- 

^-ua^u JaJJl CTjlZYJIXC 

Enriched in the lungs. 


Intracellular delivery 
to EC useful for 
modeling of lung 
injury in animals 


Inflammation 
suppresses targeting. 
Thrombosis due to 

TX/f lnVn'Hif ion 


PECAM 


Facilitates 
transmigration of 
leukocytes. Stably 
expressed in EC 
borders. 


Intracellular delivery 
ofanti-PECAM 
conjugate may also 
suppress inflammation 


PECAM-signaling 
and side effects are 
not understood 


ICAM 


Mediates leukocyte 
adhesion to EC. Stably 
expressed by EC, and 
up-regulated by 
pathological agents. 


Similar to PECAM. 
but inflammation 
enhances targeting. 


Similar to PECAM 


E- 

selectin 


Supports leukocytes 
adhesion. Expressed 
only on altered EC, 


Intracellular targeting 
to EC in inflammation 


Targeting is not 
robust. Transient 
expression. 


P-selectin 


Similar to E-selectin 


Similar to E-selectin 


Similar to above. 
Targeting platelets 


gp90 


Function unknown. 
Localized in EC 
cavoli. 


Transendothelial 
targeting. 


Human analogue 
and side effects are 
not known. 


gp95 


Function unknown. 
EC a vesicular zone in 
alveolar capillaries. 


Targeting to the EC 
surface 


Similar to above 


gp60 


EC caveoli 


Untested 


Unknown 
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Angiotensiii-converting enzyme (ACE) 

Angiotensin-converting enzyme, a transmembrane glycoprotein 
expressed on the luminal surface of endothelial cells, is one of the key 
components of the renin-angiotensin system. Importantly, pulmonary 
vasculature is markedly enriched in ACE: nearly 100% endothelial cells in the 
alveolar capillaries are strongly positive for ACE, whereas only 10-15% of 
endothelial cells in the extra-pulmonary capillaries are ACE-positive (Danilov 
et al., 2001). In late eighties, Sergei Danilov and co-authors proposed utilizing 
anti-ACE as an affinity carrier for drug targeting to the endothelium and 
showed that radiolabeled anti-ACE accumulates selectively in the pulmonary 
vasculature after intravascular and intraperitoneal injections in rats, hamsters, 
cats and primates (Danilov et a]., 1991; Muzykantov and Danilov, 1995). The 
following studies showed that endothelial cells internalize anti-ACE that may 
be used for intracellular drug delivery (Muzykantov et al, 1996a). Diverse 
reporter compounds and drugs (e.g., antioxidant enzyme catalase) conjugated 
with anti-ACE accumulate selectively in the lungs after intravenous injection 
in rats (Muzykantov and Danilov, 1995; Muzykantov et al., 1996b). 

ACE converts Ang I into Ang II (Erdos, 1990), a potent 
vasoconstricting peptide that also has pro-oxidant and pro-inflammatory 
activities. On the other hand, ACE inactivates bradykinin, a peptide 
Stimulating endothelial production of NO (sec Figure 3 below), an important 
vascular mediator that causes relaxation of vascular smooth muscle cells and 
suppression of platelet aggregation. Superoxide anion produced by endothelial 
cells in response Xo pro-inflammatory agents (including Ang II) ? inactivates 
NO and generates peioxinitrite, a potent oxidant, Therefore, inhibition of 
ACE by anti-ACE causes vasorelaxation and attenuates inflammation and 
oxidative stress. This effect represents a potential secondary benefit of ACE 
immunotargeting in certain pathological settings. In patients with acute 
hemorrhaging and hypotension, this effect may be rather dangerous due to a 
high probability of causing vascular collapse. 

Some ACE antibodies are inhibitory due to the blocking of the active 
site; yet even non-inhibitory antibodies may suppress ACE activity in the 
endothelium due to facilitation of its shedding from the plasma membrane. 
The latter effect is epitope-specific and varies for different monoclonal 
antibodies (Danilov, 1994; Balyasnikova et al., 2001). Theoretically, ACE 
antibodies against diverse epitopes may be used for either ACE-inhibiting or 
non-inhibiting immunotargeting of drugs, thus providing an additional 
flexibility to the strategy and further advancing its therapeutic applicability. 
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Figure 3. Immunotargeting to ACE (see explanations in the texi). EC - endothelial cells, SMC 
- smooth muscle cells, eNOS - endothelial NO synthase, WBC - white blood cells; ROS - 
reactive oxygen species, Ab - monoclonal antibody (ami- ACE) conjugated with drugs (D), 
Panel A: ACE is normally expressed on the endothelial surface (left part), but inflammatory 
factors (e.g., ROS and cytokines released from activated leukocytes) down-regulate ACE 
surface density on endothelium (right part). Panel B; Anti-ACE delivers drugs to endothelium 
and undergoes internalization. This paradigm can be utilized for delivery of antioxidant 
enzymes (to intercept intracellular ROS) or genetic materials. In addition, anti-ACE inhibits 
ACE. This attenuates Ang I conversion, protects bradykinin (both of these efftjets lead to 
vasorelaxation), and suppresses pro-oxidative effects of Ang JI. 

Potential therapeutic applications of ACE targeting include 
intracellular delivery of active enzymes and genetic materials. For example, 
anti-ACE-conjugated catalase, an antioxidant enzyme that degrades H 2 0 2 , has 
been shown to accumulate in the perfused rat lungs and protect the pulmonary 
endothelium against oxidative stress (Atochina et aJ. T 1998). Recently, ACE 
immunotargeting has been used for re-targeting of viruses to the pulmonary 
endothelium (see Chapter 9 by Reynolds and Danilov). 

ACE immunotargeting is highly tolerable; anti-ACE does not induce 
acute harmful reactions in laboratory animals and human volunteers 
(Muzykantov and Danilov, 1995). One potential problem associated with 
targeting ACE is that endothelial expression of ACE is suppressed upon many 
pathological states, including hyperoxia, inflammation, oxidative stress and 
sepsis (likely due to effects of the cytokines, ROS and other proinflammatory 
factors) (Muzykantov and Danilov, 1995). This effect may compromise the 
robustness of therapeutic targeting to ACE. However, ACE is one of the 
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1 35 Targeting Pulmonary Endothelium 

premier candidate targets for drug delivery to the pulmonary endothelium, for 
example, for a prophylactic use. 



Platelet-Endothelial Cell Adhesion Molecule (PECAM-1) 

PECAM is a pan-endothelia], immunoglobulin superfamily 
transmembrane glycoprotein, which is predominantly localized in the sites of 
cellular contacts in the endothelial monolayer. Platelets and white blood cells 
also express PECAM, but in Jcsscr quantities. The larger portion of the 
PECAM molecule (extracellular domain) in endothelial cells is exposed to the 
lumen and serves as a counterpart for leukocytes, thus supporting their 
transendotbelia] migration in the sites of inflammation (Newman, 1997). In 
addition to this function, as documented in many experimental models 
(Vaporcyian et a), 1993), PECAM apparently may be involved in endothelial 
signaling and activation, but this aspect of its function remains to be better 
understood (Newman, 1997), 

PECAM is abundant in endothelial cells that express millions of 
binding sites for anti-PECAM (Muzykantov et ah, 1999). In addition, 
PECAM is a stable endothelial antigen; cytokines and ROS do not down- 
regulate its expression and surface density on the endothelial cells. These 
features suggest that PECAM-targeted drug delivery will be robust and can be 
used for either prophylaxis or therapies, i.e.. drug delivery to either normal or 
pathologically altered vasculature (see Figure 4 below). 

Initial studies revealed that although endothelial cells in culture avidly 
bind anti-FECAM, the antibodies poorly accumulate in the animal lungs after 
intravenous administration. In addition, endothelial cells did not internalize 
anti-PECAM, However, anti-PECAM conjugation (e.g., by streptavidin cross- 
linker) provides rnultimeric anti-PECAM complexes that are readily 
internalized by endothelial cells (see Figure 1) and accumulate in the animal 
lungs after vascular administration (see Figure 2) (Mu2ykantov et al. s 1999). 
Size of the anti-PECAM conjugates controls their intracellular uptake: neither 
monomolecular anti-PECAM, nor large (>500 run diameter) conjugates 
undergo internalization. Conjugates within 100-300 nm size range are readily 
internalized by endothelium (Wiewrodt et ah, 2002). 

This paradigm, facilitation of the internalization and pulmonary 
targeting by forming 100-300 nm anti-PECAM conjugates, has been 
employed to achieve an effective, intracellular targeting of diverse cargoes to 
endothelial cells in cell cultures, perfused rat lungs and in intact animals. For 
example, an active reporter enzyme, beta-galactosidase conjugated to anti- 
PECAM, has been shown to accumulate intracellularly in the pulmonary 
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endothelium as soon as 10 min after intravenous injection in mice and pigs 
(Scherpereel et a], 2002), AntMPECAM/DNA conjugates provide specific 
transfection of endothelial cells in culture (Wiewodt et aL, 2002) and in 
animals (Li et at, 2000). 
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Figure 4. Immunotargeting to PECAM-1 (sec explanations in the text). WBC - while blood 
cells, EC - endothelial cells; ROS - reactive oxygen species. Panel A. PbCAM-1 "nsftun^ly 
expressed by endothelium, predominantly in the intercellular contacts, supports WBC 
transmigration and facilitates inflammation in the tissues. Panel B: Large (>600 nm d.ameter) 
anti-PECAM conjugates poorly internalize in the endothelial cells, whereas smaller 
counterparts (100-300 nm diameter) enter the celts and can be used for intracellular dehvery of 
genetic materials and anti-oxidam enzymes to detoxify ROS. In addition, anti-PECAM 
conjugates may suppress inflammation via blocking WNC transmigration. 

Glucose oxidase (GOX, an enzyme generating H 2 0 2 from glucose) 
has been conjugated to anti-PECAM and tested in cell cultures and mice. In 
both models, the conjugate demonstrated highly effective and specific binding 
to the endothelium, internalization, generation of H 2 02 inside the cell, and 
acute oxidative stress that lead to a severe edematous lung injury in mice 
(Christofidou et al. 2002). This result, targeting of active ROS-generatmg 
enzymes in vivo, confirms that vascular immunotargeting to constitutive 
endothelial antigens provides biologically significant effects. In addition, anu- 
PECAM/GOX can be used to model oxidative stress and vascular pulmonary 
injury in laboratory animals (Christofidou et al, 2002). Theoretically, 
targeting of GOX or other ROS-generating enzymes to the antigens presented 
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on tumor cells or in the tumor vasculature promises a complementary 
approach for tumor eradication. 

Potential therapeutic applications of anti-PECAM targeting are 
similar to that of ACE; intracellular delivery of enzymes and genetic 
materials. For example, anti-PECAM-conjugated catalase binds to endothelial 
cells, enters the cells, protects them against oxidative stress and accumulates 
in animal lungs after intravenous injection (Muzykantov et ah, 1999), The 
pilot studies showed that anti-PECAM/catalase affords significant protective 
effects in animal models of oxidative stress including acute lung 
transplantation injury, likely due to attenuation of the ischemia/reperfusion 
syndrome. However, pending applications anti-PECAM and anti-ACE 
strategies are not identical; the former can be used for both prophylaxis and 
therapy (including pathological conditions that suppress ACE targeting). In 
addition, blocking of PECAM-mediated leukocyte extravasation may 
suppress inflammation, thus providing an important secondary therapeutic 
benefit in certain groups of patients. 



Inter-Cellular Adhesion Molecule, ICAM-1 

ICAM-1 (CD54) is an Ig superfamily surface glycoprotein with a 
short cytoplasmic domain, a transmembrane domain, and a large extracellular 
domain (Diamond ct ah, 1990), It is constjtutively expressed by the 
endothelium at a relatively high surface density (2xl0 4 -2xl0 5 copies per cell). 
Other cell types also express ICAM (e.g., alveolar epithelial cells, 
macrophages); however, the major fraction of ICAM accessible to the 
bloodstream is exposed by the luminal surface of endothelium. Pathological 
stimuli, such as ROS, cytokines, abnormal shear stress, and hypoxia, stimulate 
expression of ICAM by the endothelium and thus elevate the ICAM surface 
density in pulmonary vasculature. 

As a counter-receptor for integrins, ICAM supports leukocytes' firm 
adhesion to the endothelium and facilitates inflammation. In addition, ICAM 
serves as a natural ligand for certain viruses and serves as a signaling 
molecule; yet the exact mechanisms, specificity, and significance of this 
signaling in different cell types remains to be more fully understood. 
Antibodies (including humanized marine mAbs) directed against ICAM-1 
(anti-ICAM) suppress leukocyte adhesion, thus producing anti-inflammatory 
effects in animal models and clinical pathological settings associated with 
vascular injury, such as acute inflammation, ischemia/reperfusion, and 
oxidative stress (DeMeester et al., 1996). 
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Accumulating data indicate that: (a) i:5 I-antMCAM binds to 
endothelium in vivo; (b) accumulates in highly vascularized organs (first of 
all, lungs); and (c) inflammation facilitates both processes (Panes et ah. 1995; 
Villanueva et at, 1998). Therefore, ICAM-1 is a good candidate determinant 
for drug targeting to normal and inflammation-engaged endothelia, especially 
in the lungs. The published data on in vivo effects of anti-ICAM conjugates 
are rather limited. However, in the mode) of isolated perfused rat lung, 
catalase conjugated with antMCAM provides a protective effect similar to 
that of catalase conjugate with anti-ACE (Atochina et ah, 1998). 

The data on anti-ICAM internalization is fragmentary and 
controversial. Several laboratories reported that the epithelium and leukocytes 
internalize ICAM ligands, while data from other groups implies that other cell 
types internalize anti-ICAM rather poorly (Almenar-Queralt et ah, 1995; 
Mastrobatista et ah, 1999). Our preliminary data indicate that the endothelium 
poorly internalizes monomeric anti-ICAM, as well as large (>500 nm 
diameter) anti-ICAM conjugates, while 100-300 nm conjugates are 
internalized via a mechanism that resembles anti-PECAM conjugates uptake. 
The pilot results show that large anti-lCAM/tissue-rype plasminogen activator 
conjugates accumulate in the lungs, are retained on the endothelial surface, 
and facilitate fibrinolysis in the pulmonary vasculature. 

Collectively, the available data reveal important unique features of 
ICAM as a target and suggest that anti-ICAM can be used for targeted 
delivery of diverse drugs to the endothelium: 

i) ICAM-1 is presented on the endothelial surface at high density and 
easily accessible to drugs circulating in the bloodstream, while Us 
level in blood (i.e., plasma ICAM) is low, thus permitting a robust 
and specific binding of anti-ICAM conjugates to endothelium in the 
vasculature. 

ji) Endothelial ICAM-1 is stably expressed and, in contrast with other 
constitutive endothelial surface antigens, its surface density is 
increased in pathological conditions. Thus., one could anticipate an 
effective or even facilitated targeting to pathologically altered 
endothelium. 

iii) Inhibition of ICAM-1 function by targeting (blockage of leukocyte 
adhesion to endothelium) may suppress inflammation, a benefit for 
treatment of vascular oxidative and thrombotic stress. The anti- 
inflammatory effect of anti-ICAM conjugates may be even more 
potent. 
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iv) Depending on the size of anti-ICAM conjugates, they may target 
active cargoes either to the endothelial surface (e,g,, plasminogen 
activators) or to the intracellular compartment (e,g, ; catalase). 

Anti-ICAM is reported to deliver liposomes and other cargoes to the 
vascular endothelium (Atochina et al r 1998; Bloeman et al., 1998: Villanueva 
et al., 1998). The preliminary data from our laboratory strongly suggest that 
anti-ICAM can deliver fibrinolytics to the surface of the pulmonary 
endothelium for facilitation of anti-thrombotic potential of the pulmonary 
vasculature in cases of high risk of thromboembolism. 



Endothelial selectins 

Two types of selectin molecules are found in the endothelium: E- and 
P-selectins, Both types serve as counterparts for specific sugars on the white 
blood cells and support the first phase of their adhesion ("rolling") to the 
endothelial cells in the sites of inflammation. Selectin molecules are not 
normally expressed on the luminal surface in the vasculature. Resting 
endothelial cells store P-selectin in the intracellular vesicles (i.e., Weibel- 
Palade bodies)' and do not synthesize E-selectin. However, pathological 
mediators stimulate rapid mobilization of P-selectin to the endothelial surface, 
as well as synthesis and surface expression of E-selectin. 

These determinants theoretically may provide a good means for 
specific targeting of drugs to the inflammation- en gaged endothelium. 
Radiolabeled E-selectin antibodies accumulate in the sites of vascular 
inflammation (Keelan et ah, 1994). Most likely, the targeting might produce a 
secondary anti-inflammatory effect due to blocking of leukocyte rolling, yet 
this hypothesis has yet to be proven in animal models. Importantly. E-selectin 
is an intemahzable molecule (Kujpers et a]., 1994) that permits intracellular 
uptake of the targeted conjugates liposomes and viruses (Spragg et aL 1997; 
Harrari et al,, 1999). A relatively low surface density of selectins on the 
surface of activated endothelial cells, the transient nature of their expression, 
and presence of P-selectin on platelets has generated concerns about the 
robustness, applicability, and specificity of the targeting. However, targeting 
sejectins represents an exciting and promising area that is discussed in some 
detail in Chapters 8 and 20. 



Thrombomodulin, caveoli-associated antigens and other determinants 

Thrombomodulin (TM) is a transmembrane endothelial glycoprotein 
that binds thrombin, and, in concert with protein C 7 changes thrombin 
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substrate specificity and thus converts it from a pro-coagulant enzyme into an 
anticoagulant one that inactivates coagulation factors (Esmon, 1989). 
Endothelial cells in the pulmonary capillaries arc rich in thrombomodulin, 
which apparently plays an important role in anti-thrombotic protection of the 
lung vasculature that collects blood clots from the venous circulation. Steve 
Kennel and co-authors explored monoclonal antibodies against 
thrombomodulin as an affinity carrier for targeting the pulmonary 
endothelium and reported that anti-TM diverse cargoes, including radiolabels 
and liposomes, accumulated in the murine lungs (Maruyama et a} t> 1990). 
However, targeting compromises thrombomodulin function and might 
predispose or even provoke thrombosis (Christofidou et al. 7 2002). Therefore, 
clinical application of anti-TM is questionable due to obvious safety concerns 
related to the pulmonary thrombosis, yet this delivery system has an important 
application as an animal model, 

Caveoli represent a specialized domain in the endothelial plasma 
membrane involved in intracellular and trans-cellular trafficking, cellular 
signalings and sensing of flow. The pulmonary endothelium is rich in caveoli; 
several caveoli-associated antigens are being explored as potential 
determinants for the targeting and intracellular delivery of therapeutic 
cargoes. One such determinant is gp60, or endothelial albumin^bindiug 
protein. Malik and co-workers found that binding of ligands to this protem 
induces internalization and may permit intracellular delivery (Tirrupati et aL, 
1997), Schnitzer and co-workers have produced a monoclonal antibody 
against another caveoli-associated antigen, gp90, (Mcintosh et al„ 2002) that 
binds to endothelial cells in the rat pulmonary vasculature, enters the cells, 
and provide intracellular and trans-cellular targeting of radiolabels and tracer 
cargoes (see Chapter 6 by Carver and Schnitzer). Theoretically, targeting 
caveoli represents an exciting avenue that may extend targeting towards sub- 
en dolhelial layers, pending identification of functions and human counterparts 
of these proteins, as well as validation of the targeting and effects of 
therapeutic agents in animal models. 

Recently, a novel endothelial surface determinant, a transmembrane 
glycoprotein gp85, has been found in a unique area of pulmonary capillary 
endothelium, namely, the avesicular zone - a thin part of an endothelial cell 
that lacks major organelles and, together with the thin Type I alveolar 
epithelium and the basal membrane, separates alveolar and vascular 
compartments (Ghitescu et aL, 1999). Interestingly, a monoclonal antibody 
against this determinant displays very selective and robust accumulation in 
the pulmonary vasculature in rats without significant internalization 
(Murciano et al, 2001). Therefore, this determinant might be considered as a 
target for the pulmonary delivery of anti-thrombotic agents. However, the 
function, human counterpart, therapeutic and side effects of targeting gp85 
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remain lo be characterized m order to evaluate its applicability for the 
targeting pulmonary endothelium. 

There are several other endothelial surface determinants identified in 
the pulmonary vasculature, including Thy-1.1 antigen (Danilov et al., 2001). 
However, their functions and the effects of targeting remain to be addressed in 
order to evaluate whether they can be used for targeting. 



CONCLUSIONS AND PERSPECTIVES 

The pulmonary endothelium represents an important therapeutic 
target. Many endothelial determinants that are potentially useful for drug 
delivery have been identified recently using diverse methodologies, including 
administration of radiolabeled monoclonal antibodies and phage display 
library in vivo (Danilov et al., 1991; Mu2ykantov et al., 1996; Rayotte et al., 
1997; Muzykantov, 1998; Danilov et al., 2001; Mcintosh et ah, 2002). Some 
determinants, such as ACE : ICAM and PECAM, can be used for targeting 
either normal (i.e., prophylaxis) or pathologically altered (i.e., therapy) 
endothelium, whereas selectins permit specific recognition of pathological 
endothelium. Targeting caveoli provides an exciting avenue for intracellular 
and transcellular targeting in the pulmonary vasculature, whereas modulation 
of the antibody^drug conjugate size provides a novel paradigm- for control of 
intracellular uptake and trafficking of the cargoes. Targeting of active reporter 
and therapeutic cargoes, including - enzymes, genes and viruses, has been 
recently achieved in intact animals, thus providing a good basis for pre- 
clinical evaluation of the strategy. Many targeting systems promise unique 
advantages for delivery of specific therapeutic agents in diverse clinical 
settings and, therefore, must be carefully tested in terms of the robustness, 
effectiveness, specificity and effects of the targeting (including the effects 
mediated by intervention in the functions of target determinants). Based on 
the current progress rate in the field, it would be not too unrealistic to expect 
that immunotargcting to the pulmonary endothelium will be in the clinical 
studies during this decade. 
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GLOSSARY 

Alveolar capillaries: Small (5-25 micron diameter) blood vessels 
surrounding pulmonary alveoli that are involved in gas exchange and 
metabolization of vasoactive peptides. The alveolar endothelium is a 
privileged vascular target that represents roughly 30% of total endothelial 
surface in the human body. 

Angiotensin-converting enzyme (ACE): A transmembrane endothelial 
glycoprotein, an ectopeptidase that controls activity of vasoactive peptides 
angiotensin and bradykinin. ACE is a candidate determinant for targeting 
pulmonary endothelium. 

Angiotensin I and U: An octapeptide Ang II, produced by ACE from a 
decapeptide Ang I, induces vasoconstriction and exerts pro-oxidant activity. 

Bradykinin: A vasoactive peptide that elevates endothelial permeability and 
stimulates endothelial production of NO. 

Catalase: An enzyme that detoxifies H 2 0 2 and could be used as a drug. One 
of the candidate therapeutic cargoes for vascular irnmunotargeting to protect 
the endothelium and treat an acute pulmonary oxidative stress. 

Caveoli: A specialized cholesterol-rich domain in the endothelial plasma 
membrane that forms characteristic flask-shape invaginations and serves as 
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sensing signaling and endocytotic compartments. Caveoli represent a unique 
and highly promising target for endothelial drag delivery. 

Intercellular adhesion rnolecule-l (ICAM-.1): A transmembrane endothelial 
glvcoprotein that facilitates leukocytes* adhesion. ICAM-1 is a candidate 
determinant for targeting pulmonary and systemic endothelium 

Localization Ratio-. The ratio between the uptake of a drug or a reporter 
molecule in an organ of interest and its blood level. Comparison of this 
parameter in different organs and tissues helps to characterize tissue 
selectivity of the targeting. 

Nitric Oxide, NO: A small gaseous molecule produced by endothelial cells 
that diffuses in blood and vascular tissues and exerts strong vasore] axing and 
anti-thrombotic properties. 

Platelet-Endothdial Adhesion Molecule-l (PECAM-1): A transmembrane 
endothelial glycoprotein that facilitates leukocytes' transmigration from blood 
to tissues. PECAM-1 is a candidate determinant for targeting pulmonary and 
systemic endothelium. 

Reactive oxygen species (ROS): Pra-oxidant molecules such as superoxide 
anion and Hj0 2 that are produced in the vasculature normally at low levels. 
Massive overproduction of ROS under pathological conditions causes 
oxidative stress and tissue injury. 

Selectins: Selecting P and E are surface adhesion molecules involved in 
leukocyte adhesion to the endothelium, transiently expressed on the surface of 
pathologically altered endothelial cells, for example, in inflammation foci. 
The selectins represent candidate determinants for selective targeting 
pathological endothelium. 

Thrombomodulin (TM): A transmembrane endothelial glycoprotein that 
indirectly suppresses coagulation and thus helps to prevent intravascular 
thrombosis. The pulmonary endothelium is enriched in TM that can be useful 
for experimental targeting; yet clinical applications of TM antibodies are 
questionable due to potential thrombosis- 
Vascular immunotargetingt A sfrategy for delivery of therapeutics to 
vascular cells (e.g., endothelium) using antibodies or their fragments as 
affinity carriers. 
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Endothelial Endocytic Pathways: Gates for Vascular Drug Delivery 
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Abstract: Vascular endothelium plays strategic roles in many drug delivery paradigms, both as 
an important therapeutic target itself and as a barrier for reaching tissues beyond the vascular 
wall. Diverse means are being developed to improve vascular drug delivery including stealth 
liposomes and polymer carriers. Affinity carriers including antibodies or peptides that 
specifically bind to endothelial surface determinants, either constitutive or pathological, enhance 
targeting of drugs to endothelial cells (EC) in diverse vascular areas. In many cases, binding to 
endothelial surface determinants facilitates internalization of the drug/carrier complex. There are several main endocytic 
pathways in EC, including clathrin- and caveoli-mediated endocytosis, phagocytosis and macropinocytosis (these two are 
less characteristic of generic EC) and the recently described Cell Adhesion Molecule (CAM)-mediated endocytosis. The 
latter may be of interest for intracellular drug delivery to EC involved in inflammation or thrombosis. The metabolism and 
effects of internalized drugs largely depend on the routes of intracellular trafficking, which may lead to degrading 
lysosomal compartments or other organelles, recycling to the plasma membrane or transcytosis to the basal surface of 
endothelium. The latter route, characteristic of caveoli-mediated endocytosis, may serve for trans-endothelial drug 
delivery. Pericellular trafficking, which can be enhanced under pathological conditions or by auxiliary agents, represents 
an alternative for transcytosis. Endothelial surface determinants involved in endocytosis, mechanisms of the latter and 
trafficking pathways, as well as specific characteristics of EC in different vascular areas, are discussed in detail in the 
context of modern paradigms of vascular drug delivery. 

Keywords: Drug delivery, Vascular endothelium, Endocytosis, Transcytosis, Paracellular transport, Intracellular trafficking. 




1. INTRODUCTION. VASCULAR ENDOTHELIUM: A 
BARRIER AND TARGET FOR DRUG DELIVERY 

The inner surface of blood vessels is lined with 
endothelial cells (EC) strategically positioned to control 
vascular physiology. EC control numerous vital functions 
and represent an extremely important target and barrier for 
drug delivery. 

For instance, numerous vasoactive factors secreted by EC 
and including (yet most likely not limited to) NO, 
prostacyclin and endothelium-derived hyperpolarizing factor 
(EDHF), suppress contractility of the vascular smooth 
muscle cells and therefore control vascular tone [1,2]. 

EC help to control thrombosis [1], For example, in 
concert with plasma protein C, endothelial transmembrane 
glycoprotein thrombomodulin converts thrombin into an 
anti-coagulant enzyme [3]. Among other anti-thrombotic 
factors, EC secrete NO and prostacyclin, which suppress 
platelet aggregation, as well as urokinase and tissue type 
plasminogen activators that dissolve blood clots via 
generation of the fibrin-degrading protease plasmin. 

The endothelium is also involved in inflammation, a 
process that is often intertwined with thrombosis [4, 5]. 
Under normal circumstances, EC provide very limited, if 
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any, support for activities of pro-inflarnmatory cells (e.g., 
white blood cells, WBC). However, pathological mediators, 
including cytokines, reactive oxygen species (ROS), growth 
factors and abnormal shear stress, induce endothelial 
secretion of chemoattractants and exposure of adhesion 
molecules leading to leukocyte attraction, adhesion and 
transmigration [6-9], 

Furthermore, EC play an important role in normal and 
pathological vascular redox mechanisms [10]. They produce 
ROS (superoxide anion 0 2 " and H 2 0 2 ) via enzymatic 
pathways that can be further activated by pathological 
mediators [11]. ROS apparently play an important role in 
cellular signaling. However, ROS overproduction by EC or 
by activated WBC leads to vascular oxidant stress, 
inactivation of NO by 0 2 ", lipid peroxidation and tissue 
injury [12]. 

EC function is modulated by exposure to dynamic 
environmental factors such as blood flow shear stress, 
aggressive inflammatory cells and compounds in the 
circulation, including lipids, proteases, oxidants and 
xenobiotics. Disruption of normal endothelial function can 
exacerbate the pathology of a number of diseases including 
atherosclerosis, hypertension, thrombosis, diabetes, acute 
lung injury and sepsis. Improper EC function can also lead to 
defects in angiogenesis, which in turn, could either inhibit 
vascularization during wound repair resulting in tissue 
necrosis or cause inappropriate blood vessel formation, 
which can lead to tumor vascularization. Therefore, EC 
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represent an important potential target for delivery of 
therapeutic agents including, but not limited to, antioxidants 
to protect against oxidative stress, anticoagulants and 
fibrinolytics to manage thrombotic stress, NO donors to 
reduce vessel tone and blood pressure, and anti- 
inflammatory agents to suppress vascular inflammation. 

The total surface area of vascular endothelium in the 
human body approaches the size of a tennis court (~ 240 m 2 ), 
making it a large and highly accessible target for drugs 
circulating in the bloodstream. Most therapeutic agents, 
however, have no specific affinity to this target. Therefore, 
only a small fraction of injected drugs produces a therapeutic 
effect in endothelium, whereas the major fraction is handled 
as a waste product, or worse, produces deleterious side 
effects. Furthermore, binding to target cells is necessary, but 
not sufficient, for effective action of many drugs, which 
require internalization and proper sub-cellular addressing. 
Thus, it is a key issue in the design of drug delivery vehicles 
to create carriers that are targeted to EC and also are 
trafficked by the target cells to destinations where they can 
. have maximal efficacy. Recognizing this problem, more and 
more groups are focusing their research efforts on the design 
of novel strategies for targeted delivery of therapeutics to EC 
[13-26]. 

With other layers of the blood vessel wall, the 
endothelium forms a barrier for delivery of drugs to 
extravascular targets, such as tumors, brain and myocardium. 
Understanding the mechanisms involved in trans-cellular and 
pericellular endothelial transport may permit more effective 
delivery of these drugs. Among other parameters, endothelial 
uptake and transcytosis depend on the size of a transported 
agent. Barrier function of endothelium is especially restrictive 
for large therapeutic molecules (e.g., proteins or genetic 
materials) and drug delivery systems that employ carrier 
nanoparticles, liposomes, or high molecular mass polymers. 

Therefore, the endothelium is an extremely important 
tissue in the context of vascular drug delivery, either as a 
target itself for therapeutic interventions by a delivered drug 
or as a barrier on route to peripheral tissues [27, 28]. 
Targeted delivery of drugs to endothelium and control of 
their internalization, sub-cellular addressing and transendo- 
thelial transport are critically important components for the 
rational design of safe, effective and specific therapies. The 
goal of this article is to review these issues in the context of 
drug delivery systems designed for targeting of drugs to and 
beyond EC. 

2. A BRIEF OVERVIEW OF VASCULAR DRUG 
DELIVERY SYSTEMS 

Most known drugs lack specific binding and uptake by 
target organs. On the other hand, many drugs undergo rapid 
inactivation in the body by aggressive components of blood 
and special cellular detoxifying systems. In addition, some 
drugs including therapeutic enzymes (e.g., proteases), have 
specific inhibitors in the blood. Also, drugs can be 
eliminated through a number of mechanisms, including 
clearance from the bloodstream by non-specific targets (e.g., 
red blood cells and hepatocytes) and specific clearance 
systems (e.g., reticuloendothelial system and renal filtration). 
This often dictates that administration of large doses is 



required for efficacy, also increasing potentially dangerous 
side effects. 

Elimination and inactivation of pharmacological agents is 
decreased when a therapeutic "cargo" is loaded into or 
conjugated with natural or artificial carriers increasing 
bioavailability of a drug (e.g., liposomes, polymer nano- 
particles, lipoproteins, blood cells or proteins) [27, 29-37]. 
Coating of drugs or their carriers by activated polyethylene 
glycol, PEG, forms an aqueous shell masking against natural 
protective mechanisms including macrophages, complement 
and immune cells, a strategy sometimes referred to as 
"stealth" technology [38-40]. PEG-coating markedly 
prolongs circulation of drugs and reduces side effects 
associated with the immune response and systemic activation 
of host defense including complement and leukocytes. 

In addition, many delivery systems such as liposomes or 
conjugation with carrier lipoproteins, facilitate intracellular 
uptake of drugs [41]. The mechanisms of this phenomenon 
are complex and depend on specific cell type and carrier (see 
below). However, there are several mechanisms employed 
by currently available drug carriers to facilitate intracellular 
uptake. 

First, drugs conjugated with ligands of cellular receptors 
can be internalized via vesicle-mediated pathways. 
Endocytosed carriers usually follow the natural itinerary 
their receptors would normally traverse to the point of 
dissociation or degradation in intracellular compartments 
such as lysosomes. For example, cells expressing transferrin 
receptor internalize drugs conjugated or genetically fused 
with transferrin via clathrin-mediated endocytosis [42]. 
Second, fusion-competent liposomes can be designed to 
enter the cells via endocytic pathways, leading to delivery 
and fusion with intracellular membrane organelles, or to fuse 
with lipids in the plasma membrane, thus injecting their 
content directly into the cytosol. In an attempt to control the 
extent and specificity of cytosolic delivery, liposome carriers 
have been designed that are destabilized after internalization 
at acidic pH in endocytic compartments prior to release of a 
drug or fusion with cell membranes [43]. Third, antibodies 
and their derivatives with multivalent binding sites facilitate 
cellular entry of liposomes [44-48]. Fourth, a more recent 
approach to cytosol delivery has been to couple proteins and 
sub-micron particles with the TAT-peptide from HIV virus, 
which in some instances can enter cells in an energy 
independent manner, although they may require endocytosis 
in other cases [49, 50]. This and some other charged peptides 
enriched with lysine and/or arginine promiscuously permeate 
cell membranes and enable cytosolic delivery to diverse cell 
types in vitro and in vivo [5 1, 52]. 

Therefore, diverse natural carriers (e.g., lipoproteins or 
transferrin) or synthetic carriers (e.g., liposomes) can 
facilitate vascular drug delivery and intracellular uptake. In 
the next section we consider how these means can be 
employed in the context of specific drug targeting to EC. 

3. ENDOTHELIAL SURFACE DETERMINANTS: 
POTENTIAL TARGETS FOR DRUG DELIVERY 

Stealth liposomes, protein carriers and other delivery 
systems prolong the circulation time of drugs and may 
enhance their cellular uptake, but do not confer an affinity to 



i 



Endothelial Endocydc Pathways 



Current Vascular Pharmacology, 2004, Vol 2, No, 3 3 



EC. Unless drugs are coupled to high-affinity carriers, the 
circulation removes drugs and their derivatives rapidly, even 
after local infusion via vascular catheters. In these instances, 
the major fraction of injected materials ends up in the liver 
and not in EC. Devices allowing a transient cessation of 
blood flow in the site of catheter placement have been 
designed in order to attain a high local concentration and a 
more effective prolonged interaction of the infused material 
with endothelium, but blood flow interruption may lead to 
ischemia and vascular injury. 

Viable means for effective, rapid, and safe targeting of 
therapeutic molecules to EC are beginning to emerge to 
address this important and persisting biomedical problem. In 
order to facilitate targeting, cargoes or their carriers can be 
conjugated (chemically or genetically) with affinity moieties 
that bind to EC. Antibodies directed against endothelial 
surface determinants and small antigen-binding fragments of 
these antibodies represent one of the most useful classes of 
affinity carriers for targeted drug delivery to EC. Indeed, 
coupling drugs with carrier antibodies permits targeted 
delivery to EC (vascular immunotargeting) [19, 53]. 

Immunostaining of tissues, in vivo selection of peptide 
ligands using phage display and tracing labeled antibodies in 
animals have been used to identify several EC antigens that 
potentially can be used as targets [14, 15, 20, 21, 54-57]. 
However, no universal or ideal carrier suits all therapeutic 
needs. Specific therapeutic goals require different secondary 



Table 1. Endothelial Determinants: Selected Candidate Targets for Drug Delivery 



Target 


Function and Localization 


Targeting Advantages 


Potential Problems 


ACE 


Peptidase, converts Ang I into Ang II and 
cleaves bradykinin. ACE enriched in the 
lung capillaries. 


Selective targeting to lung EC. Intracellular 
delivery. Vasodilating and anti- 
inflammatory effects of ACE inhibition. 


Inflammation suppresses targeting. ACE 
inhibition may be dangerous. 


TM 


Binds thrombin and converts it into an anti- 
coagulant enzyme. Enriched in the lungs. 


Intracellular delivery to EC useful for 
modeling of lung injury in animals. 


Inflammation suppresses targeting. 
Thrombosis due to TM inhibition. 


PECAM 


Facilitates transmigration of leukocytes. 
Stably expressed in EC borders. 


Intracellular delivery of anti-PECAM 
conjugate may also suppress inflammation 


PECAM-signaling and side effects are not 
understood 


ICAM 


Mediates leukocyte adhesion to EC. Stably 
expressed by EC, and up-regulated by 
pathological agents. 


Similar to PECAM, but inflammation 
enhances targeting. 


Similar to PECAM 


E-selectin 


Supports leukocytes adhesion. Expressed 
only on altered EC. 


Intracellular targeting to EC in inflammation 


Targeting is not robust. Transient 
expression. 


P-selectin 


Similar to E-selectin 


Similar to E-selectin 


Similar to above. Targeting platelets 


gp90 


Function unknown. Localized in EC cavoli. 


Transendothelial targeting. 


Human analogue and side effects are not 
known. 


gp85 


Function unknown. EC avesicular zone in 
alveolar capillaries. 


Targeting to the EC surface 


Similar to above 


gp60 


Albumin-binding protein in EC caveoli 


Transendothelial targeting 


Side effects and specificity of targeting are 
not known 



EC - endothelial cells, ACE - angiotensin-converting enzyme, TM - thrombomodulin, PECAM - platelet-endothelial adhesion molecule, ICAM - intercellular adhesion molecule; gp 
- glycoproteins. 



effects mediated by binding to EC, drug targeting to different 
sub-populations of EC (e.g., resting vs. inflammation- 
engaged EC), and to diverse cellular compartments. Also, 
targeted delivery of antioxidants or NO-donors to normal or 
resting EC can be useful for either prophylaxis or therapies. 
On the other hand, specific recognition and drug delivery to 
abnormally activated or pathologically altered EC might 
permit more specific means for treatment of such maladies as 
localized tumor growth and inflammation. Table 1 shows 
some endothelial determinants useful for experimental 
vascular targeting to EC, which may have therapeutic 
potential. 

Several surface determinants are potentially useful for 
targeting either normal and/or pathologically altered EC. For 
example, antibodies to thrombomodulin (TM), a constitu- 
tively expressed EC antigen, can be used for targeting of 
diverse cargoes to the endothelium [58]. Unfortunately, TM 
is functionally "untouchable" for therapies, because its 
inhibition by anti-TM may cause thrombosis [59]. However, 
TM antibodies are being successfully utilized for delivery of 
reporter or toxic compounds to the pulmonary EC in animal 
models [60]. 

Angiotensin-converting enzyme (ACE) is a 
transmembrane glycoprotein expressed on the endothelial 
luminal surface, which converts Ang I into Ang II to induce 
vasoconstricting, pro-oxidant and pro-inflammatory 
activities [61-63]. Pulmonary vasculature is enriched in 
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ACE: nearly 100% of EC in the alveolar capillaries are 
ACE-positive vs <15% ACE-positive EC in the extra- 
pulmonary capillaries [64]. Radiolabeled anti-ACE 
accumulates in the pulmonary vasculature after intravascular 
and intraperitoneal injections in rats, cats, primates and 
humans [14, 17]. Diverse reporter compounds and drugs 
conjugated with anti-ACE accumulate selectively in the 
lungs after intravenous injection in rats [14, 17, 65]. 
Recently, anti-ACE has been used successfully for re- 
targeting of viruses to pulmonary EC in rats [25, 26]. 

ACE also inactivates bradykinin, a peptide stimulating 
NO production, although Ang II may stimulate NO 
production by EC [66]. Some anti-ACE antibodies block its 
active site and/or facilitate ACE shedding from the 
endothelium by specific secretases regulated by 
metalloproteases [67-69]. However, other ACE antibodies 
enable ACE to retain its function. Therefore, using ACE 
antibodies directed to different epitopes enables targeting 
strategies to be developed that either retain or inhibit ACE 
activity, enhancing flexibility and therapeutic applicability of 
the strategy. ACE inhibition may be beneficial in conditions 
associated with vascular oxidant stress, ischemia and 
inflammation. 

Pro-inflammatory agents (e.g., ROS) suppress 
endothelial expression of ACE [70, 71] which may inhibit 
therapeutic targeting. However, anti-ACE is a good 
candidate for targeting to the pulmonary endothelium for a 
prophylactic use; it does not cause acute harmful reactions in 
animals and humans [17]. EC internalize anti-ACE that may 
deliver drugs intracellularly [65]. Anti-ACE-conjugated 
antioxidant enzymes such as catalase, accumulates in rat 
lungs in vivo [72] and protect perfused rat lungs against 
H 2 0 2 [73]. 

Platelet-Endothelial Cell Adhesion Molecule- 1 (PECAM, 
CD31) is a pan-endothelial transmembrane Ig superfamily 
glycoprotein (m.w. 130 kD), predominantly localized in the 
sites of cellular contacts in the endothelial monolayer [74]. 
Platelets and WBC also express PECAM, but at levels that 
are orders of magnitude lower than EC. PECAM is abundant 
in EC, which express millions of anti-PECAM binding sites 
[75]. In addition, PECAM is a stable EC antigen: cytokines 
and ROS do not down regulate its expression and surface 
density on the endothelium. This promises a robust PECAM- 
targeted drug delivery to either normal or pathologically 
altered vasculature, for either prophylaxis or therapies. 

PECAM is involved in the cellular recognition, adhesion, 
signaling, and trans-endothelial migration of leukocytes [74]. 
Adhesion and transmigration of leukocytes is involved in 
pathogenesis of many disease conditions including 
inflammation, sepsis, atherosclerosis, acute lung injury and 
diabetes [76-78]. Animal studies showed that blocking 
PECAM by administration of anti-PECAM suppresses 
inflammation and protects organs against leukocyte- 
mediated oxidant stress [77, 79]. Therefore* anti-PECAM 
targeting may provide secondary benefits for management of 
inflammation, perhaps by attenuation of leukocyte 
transmigration. 

EC bind anti-PECAM without internalization, but anti- 
PECAM conjugation (e.g., by streptavidin) provides 
multimeric anti-PECAM complexes that are readily 



internalized by endothelium and accumulate in animal lungs 
in perfusion or after IV administration [64, 75]. An active 
reporter enzyme, beta-galactosidase, conjugated to anti- 
PECAM has been shown to accumulate intracellularly in the 
pulmonary endothelium as soon as 10 min after IV injection 
in mice and pigs [80, 81]. 

Intercellular Adhesion Molecule- 1 (ICAM-1, CD54) is 
another Ig superfamily surface glycoprotein with a short 
cytoplasmic domain, transmembrane domain and large 
extracellular domain [6, 82-84]. It is normally expressed by 
EC at relatively high surface density (2x10 -2x1 0 5 surface 
copies per cell). Some other cell types also express ICAM-1 
(e.g., alveolar epithelial cells, macrophages). However, the 
major fraction of blood-accessible ICAM-1 is exposed on the 
luminal surface of EC. Several laboratories demonstrated 
robust and specific binding of radiolabeled ICAM antibodies 
and anti-ICAM conjugates to vascular endothelium after 
intravenous administration in diverse laboratory animals [64, 
73, 85-87]. 

Pathological stimuli, such as ROS, cytokines, abnormal 
shear stress and hypoxia stimulate surface expression of 
ICAM-1 by EC via signaling mechanisms involving 
activation of MAP kinases and nuclear translocation of NF- 
kappaB [88, 89]. ROS and cytokines elevate the ICAM-1 
surface density in pulmonary EC [90, 91]. Therefore, in 
contrast with some other constitutive endothelial 
determinants (e.g., TM and ACE), immunotargeting to 
ICAM-1 is not suppressed, but instead is markedly 
facilitated in inflammation and other pathological conditions 
[85-87, 92-96]. 

ICAM-1, a counter-receptor for integrins on WBC, 
supports their firm adhesion to EC and thus contributes to 
inflammation [97-100]. In addition, ICAM-1 serves as a 
natural ligand for certain viruses [101]. ICAM-1 may also 
serve as a signaling molecule, yet the exact mechanisms, 
specificity and significance of this signaling in different cell 
types remains to be more fully elucidated. Antibodies 
(including humanized murine mAbs) directed against ICAM- 
1 suppress leukocytes adhesion to EC, thus producing anti- 
inflammatory effects in animal models and clinical 
pathological settings associated with vascular injury, such as 
acute inflammation, ischemia/reperfusion and oxidant stress 
[102-106]. Blocking of endothelial ICAM-1 by targeting 
may inhibit leukocyte adhesion to EC and thus suppress 
inflammation, a benefit for treatment of vascular oxidant and 
thrombotic stress. The anti-inflammatory effect of anti- 
ICAM conjugates may be even more potent due to their 
potentially higher affinity/valency and down regulation of 
surface ICAM-1 via internalization (see below). 

Antibodies directed against constitutive cell adhesion 
molecules PECAM and ICAM described above do not 
discriminate between EC in different vascular areas, thus 
providing "pan-endothelial targeting". Anti-PECAM and 
anti-ICAM directed conjugates accumulate preferentially in 
the lungs after intravenous administration (due to the fact 
that pulmonary vasculature represents about 30% of the total 
vascular surface in the body and receives 100% cardiac first 
pass venous blood output), whereas injecting via catheters 
inserted in a conduit artery facilitates local delivery in the 
downstream vascular area [64, 81]. Local delivery may also 
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be enhanced by surface endothelial determinants enriched in 
particular vascular areas or in focal pathological processes. 

For example, glycoprotein gp85 identified by Ghitescu 
[107] is predominantly localized in the thin part of EC body 
that separates alveolar and vascular compartments and lacks 
main organelles ("avesicular zone"); gp85 monoclonal 
antibodies accumulate in rat pulmonary vasculature without 
internalization [108]. On the other hand, animal studies 
showed that the pulmonary endothelium in rats contains 
surface determinants localized to cholesterol-enriched 
plasma membrane microdomains, including caveoli. Ligands 
of determinants localized to caveoli such as gp60 and gp90 
also accumulate in the pulmonary vasculature after intra- 
venous injection in rats, enter EC and traverse endothelial 
barrier [57]. The functions and human counterparts of these 
endothelial determinants are not known and, thus their 
potential utility as targets for drug delivery is not clear. 
However, caveoli-localized. determinants might provide an 
exciting opportunity for trans-endothelial drug delivery (see 
Section 6). 

Endothelium in the cerebral vasculature represents a 
specially important and difficult target. Recent animal 
studies showed that carrier antibodies and peptides directed 
to several surface determinants relatively enriched in EC in 
the brain, including receptors for transferrin, insulin, 
putrescin and some growth factors, permit delivery of the 
reporter compounds and genes into the brain [109-111]. 
Importantly, some of these endothelial receptors apparently 
permit transendothelial drug delivery into the brain tissue 
and neurons (see in Section 6). 

EC exposed to inflammatory mediators and abnormal 
shear stress show cell surface expression of P-selectin, 
normally stored intracellularly and mobilized rapidly to the 
surface, and E-selectin, which is newly synthesized by 
activated EC [7]. Therefore, selectins are transiently exposed 
on the surface of stressed EC [112, 113]. Experiments in cell 
cultures and limited animal studies show that selectins may 
permit targeting of drugs to cytokine-activated endothelium 
[16,114-118]. 

EC in solid tumors also represent a specially important 
and challenging target for delivery of agents designed to 
visualize tumors, inhibit angiogenesis, or eradicate malignant 
cells [119-121]. Tumor vasculature is characterized by 
numerous morphological abnormalities [122, 123], EC in 
tumor vessels expose abnormal determinants including 
selectins (see above), integrins, apoptosis markers and 
receptors for growth factors [124-128]. Targeting these 
determinants in tumors might be useful to accomplish two 
goals: i) inflict damage in the tumor vasculature leading to 
thrombosis, infarction and starvation of malignant cells [18, 
129] and, ii) delivery of anti-tumor agents to the proper 
malignant cells using, for example, PEG-immunoliposomes 
or polymers loaded with taxol or doxorubicin [130, 131]. 
The latter approach involves permeation of the endothelial 
barrier, mostly via paracellular pathways (see Section 6). EC 
seem to internalize protein carriers modified with peptides 
containing RGD sequence to provide recognition of integrins 
over-expressed on tumor endothelium [132]. 

In summary, affinity carriers directed to diverse 
determinants presented on surface of normal or 
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pathologically altered EC, permit targeted delivery of 
reporters and, perhaps, therapeutic cargoes to the vascular 
endothelium. In addition to this delivery function, affinity 
carriers may provide additional means to control rate of 
internalization and sub-cellular or trans-cellular traffic. This 
subject will be considered in more detail in the following 
sections. 

4. MECHANISMS OF ENDOTHELIAL ENDO- 
CYTOSIS 

Endocytosis is a complex and delicately coordinated 
process, which involves an extensive cellular machinery to 
mediate the formation of membrane transport vesicles to 
enable the internalization of extracellular material (reviewed 
in [133-135]). In endothelium, which is strategically 
positioned at the interface between blood vessels and 
interstitial milieu, endocytosis has a prime role in the 
maintenance of body homeostasis by regulating transendo- 
thelial gradients and the transport of macromolecules 
(reviewed by [136, 137]). Depending upon the ultimate fate 
of the internalized vesicles, endocytic events in EC have 
been categorized as either endocytosis, i.e., the uptake of 
fluids, biomolecules and other ligands that sort to endothelial 
processing pathways, or transcytosis that reflects transport 
across the cells to the subendothelial space [138-140]. EC 
employ multiple mechanisms for vesicle-mediated 
membrane transport (see Fig. 1 and Table 2). The 
mechanism of endocytosis is frequently dictated by 
membrane receptors used by extracellular ligands to bind to 
the plasma membrane as a prerequisite to internalization. 

Caveolar-mediated uptake plays an important role in 
endothelial transport functions (reviewed by [141-144]). 
Caveolar-mediated endocytosis is preferentially inhibited by 
chelators of cholesterol (e.g., filipin or cyclodextrin) and is 
mediated by interactions of the coat protein caveolin with 
cell signaling and cytoskeletal molecules. Internalization via 
caveoli is involved in the uptake of glycol ipids, GPI- 
anchored proteins, and chemokines [145-148], dynamic 
recycling of brain microvascular EC membranes [149], 
constitutive turnover of TM [150], potocytosis of folate and 
other solutes [151], and can participate in the regulation of 
the vascular permeability [152]. Importantly, caveolar- 
mediated endocytosis serves as an entry point for 
transcytosis of many compounds through the endothelial 
monolayer from the bloodstream to sub-endothelial tissues 
(see Section 6). 

Clathrin-mediated endocytosis, which is the predominant 
form of receptor-mediated endocytosis in most cell types, is 
less prominent in EC than caveolar-mediated endocytosis. 
Nonetheless, numerous cases of clathrin-mediated 
endocytosis have been reported among EC, particularly, in 
EC in hepatic sinusoids, which participate in clathrin- 
mediated internalization of IgG immune complexes via Fc 
receptors [153]. Mannose-terminated glycoproteins or 
lactosilated albumin particles are internalized through 
mannose or galactose-specific receptors [154, 155]. Also, 
colloidal gold coated with mannan, albumin, or 
thrombospondin aggregates on coated pits and is taken up by 
EC in sinusoids in liver [156-159]. This is also the case for 
chondroitin sulphate proteoglycan attached to gold particles, 
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Fig. (1). Endocytic pathways. Endocytosis accounts for the internalization of extracellular material into cells, mediated by formation of 
transport vesicles derived from the plasma membrane. The terms "phagocytosis" and "pinocytosis" refer to the uptake of large particulate 
ligands and extracellular medium, respectively. In addition, macromolecular ligands can bind to specific receptors at the plasma membrane, 
triggering their internalization by what is known as "receptor-mediated endocytosis". This term contrasts with "macropinocytosis", which 
consists in the non-adsorptive bulk uptake of extracellular fluids. Cell adhesion molecule (CAM)-mediated endocytosis is stimulated by 
clustering Ig superfamily CAMs. "Clathrin-" and "caveoIi"-mediated pathways are ubiquitous endocytic mechanisms, whereas 
"phagocytosis" and "macropinocytosis" are most typically presented by specialized cells (e.g., macrophages, dendritic cells). The five 
different pathways depicted have been found to some extent in EC, yet "caveoli"-mediated endocytosis seems to be the most active process. 



Table 2. Endocytic Pathways and Inhibitors 



Internalization pathway 


Inhibitor 


Molecular target 


Clathrin-mediated 


Potasium depletion 


Clathrin dissociation 


Clathrin-mediated 


MDC 


Protein interaction at latices 


Clathrin-mediated 


Amantadine 


Vesicle budding 


Caveoli 


Genistein 


Tyrosine kinases 


Caveoli 


Filipin 


Cholesterol sequestration 


Caveoli 


Cyclodextrin 


Cholesterol extraction 


Multiple 


Dynamin K44A, PH* 


Dynamin 


Macropinocytosis/Phagocytosis 


Cytochalasin 


Actin filaments 


Multiple 


Latrunculin 


Monomelic actin 


Macropinocytosis 


Amiloride 


Na + /H* exchanger 


Macropinocytosis 


BIM-1, H7, staurosporin 


Protein kinase C 


EGF/BCR receptor uptake 


Radicicol 


Src kinase 


Rho dependent uptake 


Y27632 


ROCK 


Macropinocytosis/Phagocytosis 


Wortmannin 


PI3 kinase 



MDC - Monodansyl cadaverine. Dynamin K44A - dominant negative dynamin affected at the ATPase site. Dynamin PH* - dominant negative dynamin affected at the plecktrin 
homology domain. BIM-1 - Bisindolyfmaleimide-1. H7 - I-(5-Isoquinolinesulfonyl)-2-methylpiperazine. ROCK - Rho dependent kinase. PI 3 kinase - phosphatidyl inositol 3 
kinase. 
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which bind to hyaluronic acid/chondroitin sulphate receptor 
at the plasma membrane and undergo internalization by 
coated pits in rat liver EC [160]. 

The endothelium in many organs (i.e. spleen, bone 
marrow, thymus, or brain) has been shown to internalize 
ligands through clathrin-mediated endocytosis, as is the case 
for acetoacetylated or acetylated LDL [161], gold-coated 
LDL or insulin [162], and transferrin [163, 164]. Also, EC 
likely internalize lipoprotein lipase (LPL) by clathrin-related 
mechanisms. LPL synthesized and secreted by EC is retained 
on the abluminal side, being further transported across the 
cell to the apical space [165], where it provides intravascular 
hydrolysis of triacylglycerol-rich lipoproteins [166] and also 
contributes to LDL-holoparticle turnover and selective 
uptake of LDL-associated lipids [167]. Internalization of 
LPL within the cell might occur as a consequence of its 
interaction with heparan sulphate proteoglycans during 
turnover or recycling of the latter [168]. For instance, LPL 
stimulates endocytosis of LDL upon binding of membrane- 
associated heparan sulphate [169] and also enhances binding, 
uptake and degradation of glycated LDL in a manner 
independent of LDL receptor and LDL-receptor related 
protein [170], Additionally, LPL has been found to bind with 
high affinity to the glycoprotein gp330 in microvascular EC 
[171, 172]. Although the localization of gp330 in EC 
remains unclear, this is typically concentrated to clathrin- 
coated areas in epithelial cells, indicating that LPL 
internalization might be mediated by a clathrin-related 
pathway [173]. However, lipoprotein interactions with the 
syndecan family of endothelial proteoglycans also can lead 
to internalization via a clusterization-induced pathway 
distinct from coated pits endocytosis [174]. 

Clathrin-coated pits also mediate constitutive 
internalization of plasma membrane proteins, as is the case 
for E- and P-selectins, two inducible endothelial adhesion 
molecules whose recycling and/or surface expression is 
regulated by clathrin-mediated uptake [112, 175]. The 
inducible expression of selectins has been used as a means to 
enable intracellular delivery to activated EC. For instance, 
anti-E-selectin targeted liposomes or conjugates have been 
found to internalize via clathrin-coated pits within EC, to 
enable intracellular delivery of anti-inflammatory drugs 
[176, 177]. 

Another membrane internalization process represented in 
EC, although to a low extent, is phagocytosis (reviewed in 
[178, 179]). Phagocytosis, which is typically displayed by 
macrophages and antigen presenting cells, accounts for the 
internalization of large (> lum) particulate ligands [180]. 
This requires initial binding of the particle to specific 
receptors (i.e. scavenger receptor, C3R, FcyR, etc), with 
subsequent activation of a battery of signaling cascades (i.e. 
phosphatidyl inositol 3 kinase and Rho family GTPases, 
among others) (reviewed by [181]). In many instances, these 
events drive a major redistribution of the actin cytoskeleton. 
As a consequence of the cortical actin polymerization, either 
pseudopods or large invaginations form at the cell surface, 
where the plasma membrane surrounds the particulate ligand 
in a zipper-like mechanism [182], finally resulting in a cup- 
shape invagination. This is the case of vascular EC, which 
have been reported to uptake aged red blood cells and 



apoptotic cells with phosphatidyl serine exposed in the outer 
layer of the cell surface, upon binding of these to the lectin- 
like oxidized LDL receptor 1 (LOX-1) [183]. Neisseria 
meningitidis induces the formation of cellular protrusions via 
activation of Rho and Cdc42 and recruitment of ezrin and 
moesin to the cortical membrane, which mediate bacterial 
entrance in EC [184]. 

In contrast to caveoli-mediated, clathrin-mediated 
endocytosis and phagocytosis, macropinocytosis [185, 186] 
is generally considered a non-receptor mediated process, 
where cells uptake large volumes of extracellular fluids and 
solutes (classical macropinosomes are > lum in diameter), 
during a mechanism that involves active formation of 
membrane ruffles and protrusions at the plasma membrane 
[187-189]. This is reminiscent of phagocytosis, where 
macropinocytosis requires large re-arrangements of the actin 
cytoskeleton, with involvement of protein kinases C and Rho 
family small GTPases as central signal transduction players 
[190-194]. In general, however, macropinocytosis is 
constitutive in highly specialized cells (i.e. macrophages and 
dendritic cells) and can be induced by growth factors in 
epithelial cells [195-197], but does not seem to be a principal 
endocytic pathway in EC. Nevertheless, it has recently been 
found that human immunodeficiency virus (HIV) can access 
brain microvascular EC by a macropinocytic mechanism, 
apparently involving endothelial ICAM-1 [198]. 

However, neither phagocytosis, macropinocytosis nor 
classical clathrin-mediated endocytosis seem to be principal 
endocytic pathways in vascular endothelium. In fact, coated- 
pits are much less abundant than non-coated vesicles in 
capillary endothelium in lung [199]. For example, hormones 
like insulin or gonadotropin [200, 201], long chain fatty 
acids such as oleate [202], or ligands for TM [203, 204], 
have been described to enter vascular EC via coated pits as a 
minor fraction, whereas caveoli account for the internali- 
zation of the main pool. 

Interestingly, two adhesion molecules constitutively 
expressed in EC, ICAM-1 and PECAM-1, present the 
capability to drive internalization of small multivalent 
ligands, although neither these molecules nor their 
monomeric ligands (i.e. antibodies) have been found to 
undergo endocytic uptake in endothelium [75, 87, 205, 206]. 
However, major group human rhino virus and respiratory 
syncytial virus use ICAM-1 as a receptor during cell 
invasion, although the mechanism of cell uptake remains 
uncertain [207, 208]. Also, PECAM-1 is required for binding 
of malaria infected red blood cells to EC in culture [209] and 
homophilic PECAM-1 interaction displays a signaling role 
during recognition and phagocytic ingestion of apoptotic 
leukocytes by macrophages [210]. 

This offers a pathway for intracellular delivery of 
therapeutic cargoes, by using small multimeric conjugates of 
ICAM- 1 and PECAM- 1 antibodies. These have been 
recently shown to enter EC by a non-classical endocytic 
mechanism, CAM-mediated endocytosis, which is distinct 
from classical clathrin- or caveolar-mediated uptake as well 
as from phagocytic and macropinocytic processes [206]. In 
particular, internalization of anti-ICAM-1 or anti-PECAM-1 
conjugates was dependent on antigen clustering, and a 
critical parameter for internalization was conjugate size (100 
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- 300 nm in diameter). CAM-mediated endocytosis also 
required Rho kinase- and protein kinase C- mediated 
rearrangements of the actin cytoskeleton [206]. 

Anti-PECAM/DNA conjugates provide specific trans- 
fection of EC in culture [205] and in mice [22]. Furthermore, 
anti-PECAM-conjugated glucose oxidase generates H2O2 in 
cultured EC intracellular ly in cell culture [211] and induces 
acute oxidative endothelial injury in murine lungs after IV 
injection [212]. Recent studies indicate that anti- 
CAM/catalase conjugates bind to and enter EC, which 
protects endothelium against oxidant stress in cell cultures 
[75, 213] and in animals [214]. 

5. INTRACELLULAR TRAFFICKING AND FATE OF 
INTERNALIZED MATERIALS 

The endocytic pathways reviewed above can be used for 
the intracellular or transcellular delivery of therapeutic 



cargoes in EC. Therefore, control of the cellular processes 
driving the internalization of site-specific therapeutics is 
important in order to achieve their optimal effects. 
Intracellular trafficking of a drug can be dictated by its entry 
pathway; hence determining its final destination and 
degradation rate. For instance, internalized membranes 
and/or contents can be selected for recycling to the cell 
surface, transported through the cell body and exocytosed by 
transcytosis, sorted to other sub-cellular destinations such as 
Golgi, trans-Golgi network (TGN) or endoplasmic reticulum 
(ER), or most typically processed for delivery to specialized 
intracellular compartments responsible for degradation of 
internalized materials (see Fig. 2 and Table 3). 

In this context, there are three main systems accounting 
for protein degradation in mammalian cells. Cytosolic 
proteins are degraded by proteosomes or calpains, whereas 
lysosomal proteases digest proteins within the lumen of 
endocytic vesicles. Calpains are cysteine proteases localized 




Fig. (2). Intracellular trafficking. Endocytic vesicles, containing membrane receptors and their respective ligands or other contents, can be 
selected for sorting to different sub-cellular compartments. For instance, these can recycle to the cell surface by "recycling endosomes" (e.g., 
directly or through Trans Golgi Network (TGN) compartments) or transported through the cell body and exocytosed to the abluminal space 
by "transcytosis". Internalized material can also be processed for delivery to endocytic compartments for degradation (e.g., by trafficking 
through "early endosomes", "late endosomes" and "lysosomes"), or sorted to other sub-cellular destinations such as Golgi or the 
Endoplasmic Reticulum. 



Table 3. Intracellular Trafficking and Inhibitors 



Trafficking pathway 


Inhibitor 


Molecular target 


Trans Golgi network (TGN) trafficking 


Brefeldin 


TGN/ER-Arfl 


Receptor recycling 


Chlorpromazine 


Recycling 


Trafficking to lysosomes and recycling 


Monensin 


Na + /H* exchange at the endosome 


Lysosomal degradation 


Ammonium chloride, chloroquine 


Vesicle acidification 


Lysosomal degradation 


Bafilomycin 


Vacuolar H*-ATPase 


Endosome-lysosome trafficking 


Nocodazole, colchicine 


Microtubular network 
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to the cytoplasm and nucleus of all cell types studied 
(reviewed by [215]). They undergo activation by Ca 2+ and 
phospholipids, which promote targeting of calpains to 
membranes. In this situation, calpains can exert proteolytic 
activity, resulting in modification of enzyme [216] and 
receptor function [217, 218]. Also, cytoskeleton-related 
proteins can undergo modification by calpain activity, as is 
the case for calpain-dependent disruption of integrin/ 
cytoskeleton interactions [216, 219-221]. 

Another cytosolic degradation system, the proteosome, is 
also primarily located in the cytosol of all eukaryotic cells. 
Proteosomes are multisubunit complexes (i.e., 20S, 26S, the 
immunoproteosome, and the hybrid proteosome), which 
contain a common core and different additional regulatory 
subunits (reviewed by [222]). For instance, cytokine- 
dependent immunoproteosome activation has been related to 
the production of peptides that will act as ligands of MHC-I 
[223]. On the other hand, activation of the hybrid 
proteosome (depending on ATP but not on ubiquitin) 
generates peptides that are targeted to ER lumen [224]. The 
function of the proteosome 26 S containing subunits that 
confer this complex the ability to selectively recognize, bind 
and cleave ubiquitin-tagged proteins has been extensively 
studied [222]. The process of protein degradation by the 
ubiquitin system requires initial attachment of ubiquitin 
residues to the protein substrate by ubiquitin-protein ligases, 
which recognize particular post-translational modifications 
in the target proteins. Subsequently, the ubiquitin-tagged 
proteins will be degraded by the 26 S proteosome complex, 
concomitantly with the release of reusable ubiquitin residues. 

However, most typically lysosomes are responsible for 
proteolysis of internalized material, since most endocytic 
traffic merges with lysosomal compartments. The 
endoiysosomal system contains a series of differentiated 
vesicles including early endosomes, late endosomes and 
lysosomes. Early endosomes are the first compartment where 
sorting of materials to recycling, degradation pathways or 
other subcellular organelles is decided [225-229]. In this 
context, H + -ATPases and Na + , K + -ATPases favor acidificat- 
ion of the endosomal lumen, whereas Na + /H + -exchangers 
help to generate a positive potential that inhibits proton 
influx [230]. These combined actions regulate the pH at the 
early endosome lumen, which becomes to be around 6.3-6.5. 
This mildly acidic pH favors separation of some ligands 
from their receptors, being the latter typically recycled to the 
plasma membrane, whereas ligands tend to traffic to late 
endosomes, as is the case of LDL-R or transferrin-R 
(reviewed by [231]). Alternatively, the receptor/ligand 
complex can also be recycled as a unit, or the complex can 
be entirely targeted to degradation [232]. 

When sorted to lysosomal compartments, materials 
traffic to late endosomes. Here, the vacuolar-ATPase pumps 
H + to the vesicle lumen [233], being responsible for the 
further acidification of this compartment to a pH around 5- 
5.5 [234]. Regulation of pH also depends on CI" channels 
directed inwardly to counteract the positive membrane 
potential created by the vacuolar-ATPase activity [235], The 
compartments continue to acidify to very low pH (pH 4.8) 
and materials traffic to lysosomes, the terminal compartment 
in the degradation pathway. Lysosomes appear as electron 
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dense bodies, where the entrapped materials can be then 
rapidly degraded by lysosomal acidic proteases [236]. 

Lysosomal hydrolysis is regulated by proton ATPases 
and cysteine transporters, as mentioned above, and also by 
lysosome-associated membrane proteins, the main protein 
constituent of endoiysosomal membranes (reviewed by 
[237]). The latter are heavily glycosylated transmembrane 
proteins, referred to as LAMPs, which protect lysosomes 
from the action of degradative enzymes [238]. Hydrolysis at 
lysosomal compartments is carried out by proteases (i.e. 
cathepsins), including both exopeptidases (cysteine and 
serine proteases) and endopeptidases (cystein and aspartic 
proteases) [237, 239], These proteases are extensively 
glycosylated, which facilitates their trafficking to lysosomes 
and helps confer resistance to low pH [236]. 

An example of a typical endocytic pathway, which 
delivers the internalized materials to the endoiysosomal 
system, is clathrin-mediated internalization, although this 
can also sort the internalized contents to recycling or 
transcytotic pathways, after rapid removal of the clathrin 
coat from die membrane of the vesicles. For instance, 
transferrin-R or P-selectin can transit from the cell surface to 
endosomes and TGN, following by trafficking back to the 
EC surface [163, 175]. However, rapid degradation of P- 
selectin in lysosomes can also occur as a consequence of its 
frequent passage through endosomal compartments [175]. 

Also, a variety of ligands such as IgG immune 
complexes, glycoproteins, ferritin, thrombospondin, or 
colloidal gold coated with albumin, insulin, LDL or 
chondroitin sulphate proteoglycans are transported within 
minutes to lysosomal compartments in hepatic endothelial 
sinusoids [153, 154, 157-160, 162, 240]. Moreover, site- 
specific delivery vehicles targeted to endothelium through E- 
selectin (i.e. anti-E-selectin liposomes and conjugates) traffic 
rapidly to multivesicular bodies and other acidic 
compartments [176, 177], which could considerably reduce 
the half-life of potential cargoes. In epithelial cells, IgA is 
internalized by clathrin-mediated endocytosis and 
subsequently transcytosed from the basolateral to the apical 
plasma membrane [241]. Whether this pathway also operates 
in EC remains to be determined, however, some ligands 
internalized by EC through caveolae are transcytosed (see 
Section 6). 

Phagocytosis typically results in lysosomal delivery. 
Phagosomes rapidly undergo uncoating of the actin-based 
machinery after internalization, with recycling of the plasma 
membrane proteins and degradation of receptors and content 
by sequential fusion with endosomes and lysosomes [109, 
242-244]. Similarly, during macropinocytosis, the 
internalized contents can be recycled to the cell surface, but 
more typically are processed by delivery to the endosome- 
Iysosome system. The first case can occur by tubulation of 
macropinosomes with fission into small vesicular 
intermediates [245], whereas classically, macropinosomes 
mature to acidic degradation vesicles by sequential 
interactions with pre-existing compartments [185, 246]. 

Ligands internalized by caveolar-mediated endocytosis 
can be sorted to several intracellular compartments using a 
variety of sorting pathways, with an interesting capability of 



10 Current Vascular Pharmacology, 2004, Vol 2, No. 3 



Muzykantov et at 



avoiding lysosomal compartments. For instance, cholera 
toxin traffic through early and late endosomes [145, 146], 
and SV40 is sorted from early endosomes to Golgi and 
finally ER [247, 248]. Some ligands, such as folate, can be 
delivered to the cytoplasm during a process called 
potocytosis, where folate is transported across the plasma 
membrane while folate receptor remains associated with 
caveolae at the plasma membrane [249]. Others, such as 
alkaline phosphatase, bradykinin, acetylcholine and 
endothelin, are returned to the cell surface after their 
internalization [147, 250-252]. Therefore, internalization via 
caveoli tends to favor sorting to sub-cellular compartments 
other than lysosomes and thus may be useful to avoid rapid 
degradation pathways. Also caveolar-mediated uptake 
provides a rapid mechanism for membrane turnover in EC, 
where plasma membrane components traffic through tubular 
endosomes and TGN in a constant influx-efflux cycle [149], 

As mentioned above, EC can also use a ligand-induced 
endocytic pathway known as CAM-mediated endocytosis 
[206]. This internalization pathway delivers materials to 
lysosomal compartments with unusually slow kinetics 
(around 3 h) [253]. Conjugation of catalase to anti-ICAM-1 
or anti-PECAM-1 antibodies permits intracellular delivery of 
the active enzyme to EC, and provides anti-oxidant 
protection for a relatively prolonged window time due to the 
slow kinetics of delivery to lysosomes [214, 253]. 

the protective effect of anti-CAM delivered catalase can 
be further prolonged either in the presence of drugs acting on 
the microtubular-network (i.e. nocodazole) [253], which is 
involved in traffic to lysosomes [254], or using weak bases 
(i.e. chloroquine), which impair acid-dependent activation of 
degradation enzymes in these compartments [253]. 

6. TRAVERSING ENDOTHELIAL BARRIERS VIA 
TRANSCYTOSIS AND PARACELLULAR TRANS- 
PORT 

In cases when a drug must be delivered to malignant cells 
in tumors, across the Blood Brain Barrier (BBB) or 
cardiomyocytes in the heart and other extravascular targets, 
endothelium represents a barrier that must be traversed for 
the therapeutic effect. In theory, drugs and macromolecules 
can extravasate via two pathways: transcytosis (i.e., 
endocytosis on the apical surface followed by traffic through 
the EC body to the basolateral surface) or diffusion via 
intercellular junctions (paracellular transport). The role and 
contribution of these two pathways in migration of 
macromolecules from the bloodstream into tissues is a 
subject of intense research and ongoing discussions. The 
theoretical concept of endothelial transcytosis of 
macromolecules involving dynamic or stable trans-cellular 
vesicular channels has been postulated by Majno and Palade 
in the 1960s [255, 256]. However, even today the 
mechanisms, regulation, significance and therapeutic utility 
of this pathway remain very much elusive [257]. 

Numerous studies from several groups including 
experiments in perfused organs and intact animals strongly 
indicate that transcytosis represents a significant route across 
the vascular endothelial barrier [57, 258-263]. When 
considering transcytosis for the purposes of drug delivery, 
ligands are endocytosed by the apical (lumenal) aspect of the 



endothelial plasma membrane, followed by transport through 
a series of intracellular compartments and delivery to the 
basolateral (ablumenal) plasma membrane where they are 
secreted. 

An alternate model for transcytosis is through the 
formation of an organelle, called the vesiculo-vacuolar 
organelle (WO) that may form dynamic or stable channels 
through cells [264]. Both morphological and functional 
evidence including studies of transendothelial transfer of 
labeled compounds in animal models show the presence of a 
WO in EC [57, 264]. However, relatively little is known 
about mechanisms of WO formation and how it can be 
manipulated pharmacologically. For example, histamine and 
VEGF seem to stimulate transport via WO formation [264], 
but the specificity of this functional modulation is difficult to 
interpret, because these vasoactive agents also facilitate 
pericellular transport (see below). 

Endothelial transcytosis often originates from the 
caveolar endocytotic pathway, where plasma solutes and 
macromolecules are taken up from the bloodstream in bulk 
by fluid phase adsorption (glycogen, dextran, ferritin, etc) or 
by binding to specific receptors (LDL, ceruloplasmin, etc) 
and reach the abluminal space [138, 258, 260, 265-267]. 
Plasma proteins such as albumin, TM, chorionic 
gonadotropin, insulin and growth factors can be transported 
to the abluminal surface of the EC via caveoli-mediated 
transcytosis [200, 201, 266, 268]. The levels of plasma 
lipoproteins and cholesterol homeostasis are believed to be 
maintained largely by endothelium in arteries which, due to 
continuous caveolar uptake, serves to reconstitute the levels 
of cholesterol in the vessel wal! and permits the transit and 
subsequent accessibility of cholesterol-carrying lipoproteins 
to sub-endothelial layers of the vessel wall and peripheral 
tissues [269, 270]. 

Several studies indicated that interaction of a protein 
ligand leading to receptor clustering in caveoli and activation 
of specific signaling pathways plays a critical role in 
initiation of transcytosis [260, 261]. For example, caveolar 
clustering of endothelial albumin binding protein gp60 has 
been shown to increase transendothelial permeability by 
mediation of phosphorylation events including signaling 
through the Src family of tyrosine kinases [271]. 
Interestingly, chemical modifications of caveolar ligands, 
such as albumin nitration (that may take place in oxidant 
stress and inflammation) even further stimulate transcytosis 
[272]. 

Caveolar transcytosis pathways are envisioned as means 
for transcellular delivery of therapeutics, which could be 
achieved by targeting caveolae-located receptors. For 
example, active reporter compounds conjugated with 
antibodies directed against specific antigen (gp90) localized 
in pulmonary endothelial caveolae undergo transendothelial 
and transepithelial transport through pulmonary endothelium 
from the blood stream to the alveolar space after injection in 
vivo [57]. Although the function of gp90 and potential 
effects of its inhibition by targeting are unknown, it is 
tempting to speculate that caveolar targeting will permit 
more effective extravascular drug delivery. 

In this context, transcytosis through the BBB represents a . 
specific interest. The paracellular pathways (see below) in 
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this vascular area are relatively restricted, yet the BBB 
endothelium is not all that impermeable and yet can be 
traversed via aplethora of agents (for reviews see [273, 
274]). From a biological standpoint, this can be illustrated by 
the fact that Escherichia coli invades the central nervous 
system by transmigration through brain microvascular EC 
using an actin- and microtubule-dependent phagocytic 
mechanism, although this pathway was inactive in systemic 
EC [275], From a drug delivery standpoint, it is important 
that ligands of insulin, putrescine and transferrin receptors 
are expressed on the BBB endothelium. Also, antibodies and 
high-affinity binding peptides defined using a BBB 
endothelial phage-di splay library show an encouraging 
ability to accumulate in the brain tissue [32, 276]. Moreover, 
proteins and genetic "drugs" or reporter compounds 
conjugated with these affinity carriers display their activities 
in the brain tissue after systemic administration, suggesting 
transmission across the BBB [1 10, 1 1 1, 277], 

In addition to transcytosis mechanisms, the density and 
permeability between cells of the endothelial monolayer 
varies between different organs; in this respect, endothelium 
can be roughly categorized into three types. The first type is 
fenestrated endothelium, which is localized to organs of the 
reticuloendothelial system, including hepatic and spleenic 
sinuses and bone marrow. Fenestrae is Latin for "windows" 
and refers to the relatively large pores between the 
fenestrated EC. These pores can be up to several microns in 
diameter and thus permit the relatively unhindered 
extravasation of blood components, including red and WBC 
in these tissues. A second type is continuous endothelium, 
which is present in most of other organs such as cardiac, 
pulmonary and mesenterial blood vessels. Continuous 
endothelium is relatively tighter than fenestrated 
endothelium and has fewer pores with 100 nm diameters. 
Although this can permit passage of macromolecules to 
tissues, in most cases, filtration through the continuous 
endothelium is restricted to small molecules and solutes such 
as glucose and small hormones. The third type is 
microvascular endothelium, which is the most restricted in 
permeability. In particular, brain microvascular EC form an 
extremely dense monolayer, resulting in an extremely tight 
BBB, which lacks significant permeability for plasma 
proteins and possesses specific enzymatic systems 
(glycoprotein P, e.g.) to facilitate reverse transport of 
molecules from the brain tissue to the circulation [274]. 
Clearly, due to these differences in vascular permeability, 
BBB endothelium represents the most formidable biological 
barrier for the extravascular drug delivery, while fenestrated 
endothelium does not restrict extravasation of even large 
carriers such as liposomes, polymer particles and viruses 
[278]. 

However, in many organs (e.g., liver) and types of 
vasculature (e.g., venules) the mainstream of transendothelial 
transport for nano-scale drug delivery vehicles such as 
liposomes and polymer carriers follows paracellular 
pathways. Paracellular endothelial permeability is controlled 
by proteins which form the tight junction complex localized 
to contact sites between EC. Proteins in the claudin family 
form the basis for regulating paracellular permeability [279, 
280]. Claudins are not a simple barrier, per se, since many 
claudins form paracellular channels that enable selective ion 
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permeability. Also, different tissues express different 
claudins, suggesting at least some regulation at the level of 
transcription. Recently, a definitive role for cIaudin-5 in 
regulating the BBB was demonstrated since substrates less 
than 1 kD molecular mass were freely permeable across the 
BBB in claudin-5 deficient mice [281]. Moreover, claudin 
function and paracellular permeability is also regulated by 
associated transmembrane proteins (occludin, junction 
adhesion molecule (JAM), connexins, VE-cadherin) and 
peripheral proteins, which tether it to the actin cytoskeleton 
such as ZO-1, ZO-2, ZO-3 and PATJ [282-284]. For 
instance, HGF/SF treated vascular EC show increased 
permeability due to ZO-1 phosphorylation, with no effect on 
claudin expression levels, suggesting a change in barrier 
function due to disruption of the ZO-l/cIaudin-1 complex 
[285]. The ability of VEGF and thrombin to increase 
endothelial permeability may also be due to a comparable 
upstream effect on signaling cascades that alter tight junction 
organization. Hormone activation and cross talk between 
these different classes of junction proteins and the regulation 
of claudin function is just beginning to be elucidated and is 
an active area of research. 

The array of different tight junction associated proteins 
suggests many avenues for pharmacological manipulations 
of vascular permeability (see [286]). Studies using 
Clostridium toxin, which binds to the extracellular domains 
of claudin-3 and claudin-4 and disrupts intestinal epithelial 
barrier function provide a basis for the notion that tight 
junction interfaces can be disrupted by targeting claudins. 
Thus, it seems plausible that another class of small 
molecules or perhaps claudin antibodies might provide an 
alternative strategy for preferential and transient disruption 
of EC tight junctions. In particular, the selective change in 
BBB paracellular permeability exhibited by claudin-5 
deficient mice suggests that specific modulation of claudin-5 
may have potential as a method to temporarily alter BBB 
permeability [281]. Conversely, blockade of junction 
proteins may help increase endothelial barrier function, as 
indicated above, where anti-ICAM-1 conjugates appear to 
inhibit leukocyte transmigration. 

Many pathological mediators and conditions including 
hypoxia, hyperoxia, histamine, VEGF, thrombin, 
hyperthermia, abnormal shear stress, cytokines and ROS 
elevate vascular permeability [287-291]. However, some 
compounds (e.g., adenosine) tend to restrict endothelial 
permeability in cell cultures [292]. Some permeability- 
enhancing agents (histamine, VEGF) apparently stimulate 
both transcytosis [122] and pericellular transport [291, 293]. 
Vasoactive agents inducing paracellular permea-bility cause 
elevation of cytosolic Ca 2+ in EC [294], activation of kinases 
leading to myosin light chain phosphorylation and 
subsequent endothelial contraction and reorganization of 
adhesion contacts [77, 288, 295, 296]. 

Vascular cells, including the endothelium itself, can 
regulate vascular permeability via the action of diverse 
vasoactive substances, which regulate porosity of endothelial 
monolayer and blood pressure (the higher intravascular 
pressure, the more effective extravascular transport). 
Interestingly, one modality of a vasoactive agent (e.g., its 
effect on blood pressure) frequently is balanced by its other 
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modality (effect on permeability). For example, endothelial 
ACE converts Ang I into Ang II, which induces 
vasoconstriction, yet ACE also inactivates bradykinin and 
substance P [61], peptides that increase vascular permea- 
bility. EC produce a potent vasodilating agent NO that may 
reduce vascular permeability at low levels [297]. 

Due to activities of substance P, thrombin, ROS, VEGF, 
bradykinin and other kinins endothelial permeability is 
usually enhanced under pathological conditions including 
inflammation, which can exacerbate edema [257]. Both these 
factors and morphological alterations (fenestrations) enhance 
permeability of tumor vasculature and cause tumor vascular 
leakiness [123, 290, 298]. This phenomenon is being 
actively exploited in design of liposomal and polymer 
carrier-based strategies for drug delivery to tumors 
(enhanced permeability and retention effect, EPR) [299]. 

The role of transcytosis vs paracellular transport of 
particular compounds under normal and pathological 
conditions is controversial and is the subject of continuing 
discussions. For example, although liposomes can undergo 
endothelial transcytosis in cell cultures, they likely leave the 
vasculature via pericellular pathways in animals [278]. 
Experiments in perfused organs showed that albumin 
extravasation is independent on temperature, suggesting that 
this process represents a passive diffusion via intercellular 
pores rather than via energy-dependent endocytotic pathways 
[137]. Mice genetically deficient in caveolin, a critical 
component of caveolar endocytotic pathway, do not show 
overt abnormalities of tissue transport of plasma components 
[300, 301]. However, both transcellular and pericellular 
pathways can and should be employed for rational design of 
modem drug delivery systems. In theory, pericellular 
pathways may be more useful for extravasation of drugs in 
tumors and inflammation foci, whereas endothelial 
transcytosis might serve as a pathway for drug delivery 
through the BBB. 

CONCLUSION AND PERSPECTIVES 

Recent years have produced a wealth of knowledge of 
molecular mechanisms regulating pathways for endothelial 
entry, intracellular traffic, degradation or recycling and 
transcytosis of diverse materials, including therapeutic 
agents. Optimal endothelial and transendothelial drug 
delivery promises substantial improvements of effectiveness 
and safety of therapeutic strategies for treatment of 
cardiovascular (e.g., atherosclerosis, hypertension, ischemia- 
reperfusion syndrome), pulmonary (e.g., acute lung injury, 
hyperoxia, pulmonary hypertension), and metabolic diseases 
(e.g., diabetes), inflammation (e.g., sepsis and endotoxemia) 
and tumor growth. One key to effective treatment of these 
distinct pathologies is the ability to control the rates and 
precise destinations of endothelial drug delivery. There is a 
plethora of potential avenues for achieving this challenging 
and exciting goal. 

Optimal selection of endothelial surface determinants and 
design of drug delivery system molecular characteristics 
such as valency of binding to endothelium, charge and size 
will be likely used to control the uptake and fate of drugs. 
Utilization of cross-linkers sensitive to minute changes in pH 
or specific cellular proteases (e.g., lysosomal cathepsin G) 
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can be employed for the release of active drugs at selected 
stages of their intracellular traffic. Conjugation of drugs or 
drug vehicles with membrane fusion and chaperone peptides 
will help to achieve yet even more precise sub-cellular 
localization in organelles such as mitochondrion, nucleus or 
peroxysomes. 

In some cases, therapeutic needs might require methods 
to decelerate or avoid endothelial internalization such as in 
case of delivery of anti-thrombotic and other agents, which 
need to exert their activity in the vascular lumen. Therefore, 
using non-internalizable determinants (e.g., monomeric anti- 
ICAM-1) or deceleration of natural endocytotic pathways 
(e.g., by using vehicles with diameter exceeding the limit of 
internalization) could be used for this goal. Transcytotic and 
pericellular transport mechanisms could be employed in the 
cases when a drug should be delivered beyond the EC. 

In summary, binding, entry and traffic of drugs into and 
through EC represent central paradigms of many drug 
delivery strategies serving diverse therapeutic goals. Future 
progress in understanding the control of these processes will 
provide more effective and safe therapeutic means. 
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ACE = Angiotensin-Converting Enzyme 

Ang I = Angiotensin 1 

Ang II = Angiotensin 2 

BBB = Blood Brain Barrier 

CAM = Cellular Adhesion Molecule 

EDHF = Endothelium-Derived Hyperpolarizing 
Factor 

ER = Endoplasmic Reticulum 

EGF = Epithelial Growth Factor 

EC = Endothelial Cell(s) 

GPI = Glycosyl Phosphatidyl Inositol 

HGF ~ Human Growth Factor 

ICAM-1 ~ Intercellular Adhesion Molecule- 1 

JAM = Junction Adhesion Molecule 

LOX-1 = Lectin-like Oxidized LDL receptor- 1 

LPL = Lipoprotein Lipase 

LAMP = Lysosomal Associated Membrane Protein 1 

LDL ~ Low Density Lipoprotein 

LDL-R = Low Density Lipoprotein Receptor 

NO = Nitric Oxide 
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Danilov, Sergei ML, Vitaly D. Gavrilyuk, Folker E. 
Franke, Jfatarina Pauls, David W. Harshaw, Timothy 
D. McDonald, David J. Miletich, and Vladimir R. Muzy- 
kantov. Lung uptake of antibodies to endothelial antigens: 
key determinants of vascular immunotargeting. Am J 
Phydol Lung Cell Mol Physiol 280: L1335-L1347, 2001.— 
Vascular immunotargeting is a mean for a site-selective 
delivery of drugs and genes to endothelium. In this study, we 
compared recognition of pulmonary and systemic vessels in 
rats by candidate carrier monoclonal antibodies (MAbs) to 
endothelial antigens platelet endothelial cell adhesion mole- 
cule (PECAMH (CD31), intercellular adhesion molecule 
(ICAM)-l (CD54), Thy-1.1 (CD90.1), angiotensin-converting 
enzyme (ACE; CD143), and OX-43. Tissue immunostaining 
showed that endothelial colls were Tby-1.1 positive in capil- 
laries but negative in large vessels. In the lung, anti-ACE 
MAb provided a positive staining in 100% capillaries v6, 
5-20% capillaries in other organs. Other MAbs did not dis- 
criminate between pulmonary and systemic vessels. We de- 
termined tissue uptake after infusion of 1 fig of l25 I-labeled 
MAbs in isolated perfused lungs (IPL) or intravenously in 
intact rats. Uptake in IPL attained 46% of the injected dose 
(ID) of anti-Thy-1.1 and 2Q-ZS% ID of anti-ACE, anti- 
ICAM-1, and anti-OX-43 (vs. 0.5% ID of control IgG). How- 
ever, after systemic injection at this dose, only anti-ACE 
MAb 9B9 displayed selective pulmonary uptake (16 vs. 1% 
ID/g in other organs). Anti-OX-43 displayed low pulmonary 
(0.5% ID/g) but significant splenic and cardiac uptake (7 and 
2% ID7g). Anti-Thy-1.1 and anti-ICAM-1 displayed moderate 
pulmonary (4 and G% ID/g, respectively) and high splenic and 
hepatic uptake "(e.g., 18% ID/g of anti-Thy-1.1 in spleen). The 
lung-to-blood .ratio was 5, 10, and 15 for anti-Thy-1.1, anti- 
ACE, and anti-ICAM-1, respectively. PECAM antibodies dis- 
played low pulmonary uptake in perfusion (2% ID) and in 
vivo (3-4% ID/g). However, conjugation with streptavidin 
(SA) markedly augmented pulmonary uptake of anti -PECAM 
in perfusion (10-54% ID, depending on an antibody clone) 
and in vivo (up to 15% ID/g). Therefore, ACE-, Thy-1.1-, 
ICAM-1-, and SA-conjugated PECAM MAbs are candidate 
carriers for pulmonary targeting. ACE MAb offers a high 
selectivity of pulmonary targeting in vivo, likely because of a 
high content of ACE-positive capillaries in the lungs. 

drug/gene delivery; antibody-mediated lung targeting; angio- 
tensin-converting enzyme; endothelial antigens 
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SITE-SELECTIVE delivery of drugs or genes to endothelial 
cells may provide more effective and specific means for 
prophylaxis or/and therapies of pathological conditions 
associated with endothelial dysfunction, such as hyper- 
tension, thrombosis, atherosclerosis, acute respiratory 
distress syndrome, cancer, inflammation, and diabetes 
(3, 17, 23). Endothelial colls display antigenic and 
functional heterogeneity in different tissues and or- 
gans, either normal or pathologically altered (22, 47, 
53 s 63). Even in the same organ, endothelial cells may 
normally exhibit a significant heterogeneity in differ- 
ent segments, e.g., venous vs. arterial (21, 33). It is 
tempting to postulate that endothelial heterogeneity 
may be used for more precise targeting of drugs to a 
defined organ or vascular area. These considerations 
provide a rationale and framework for the vascular 
immunotargeting strategies using antibodies directed 
against endothelial surface determinants as carriers 
for site-selective drug delivery. 

Importantly, pulmonary endothelium represents a 
privileged vascular target because lungs receive the 
first passage of the whole cardiac output of venous 
blood and possess a high density of capillaries (-30% of 
the total endothelium in the body belongs to the pul- 
monary vasculature; see Ref. 19). Therefore, even an- 
tibodies that do not discriminate between pulmonary 
and systemic endothelium may accumulate in the lung 
after intravascular injection. In support of this notion, 
native and modified antibodies to angiotensin-convert- 
ing enzyme (ACE; see Refs. 11 and 43), thrombomodu- 
lin (TM; see Ref. 31), intercellular adhesion molecule- 
(ICAM>1 (48), platelet endothelial cell adhesion molecule 
(PECAM)-1 (35, 42), and a nomdentified caveola-associ- 
ated antigen (57) recognize endothelium in vivo, accu- 
mulate in the lungs, and may serve as carriers for 
drug/gene targeting to the endothelium. 

None of these antibodies, however, qualify as univer- 
sal or ideal carriers, since every pathological setting 
presents unique requirements for a drug delivery sys- 
tem- The need for different carriers to design delivery 
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systems adequately serving various therapeutic aims 
justifies studies of endothelial recognition by antibod- 
ies and the quest for new potentially useful carriers. 
However, a systematic characterization of some poten- 
tially useful carriers in terms of their binding to endo- 
thelium in the lungs and in extrapulmonary blood 
vessels is missing in the literature. The goal of the 
present work was to characterize distribution of the 
target endothelial antigens in the vasculature of labo- 
ratory animals and correlate this information with the 
data on biodistribution of radiolabeled monoclonal an- 
tibodies (MAbs) after systemic injection in vivo. 

Theoretically, success of vascular immunotargeting 
strategies depends on tissue distribution of surface 
endothelial antigens, their accessibility to carrier 
MAbs, and affinity of the MAbs. Therefore, evaluation 
of these parameters is an important component of 
immunotargeting strategies. To characterize distribu- 
tion of the antigens in organs, including lungs, we 
stained rat tissue sections with MAbs and graded semi- 
quantitatively intensity of ixnmunostaining in various 
vascular areas. To estimate accessibility of the endo- 
thelial antigens to circulating MAbs, we determined 
uptake of radiolabeled MAbs in isolated perfused rat 
lungs. To evaluate tissue selectivity of the targeting 
and evaluate potential applicability of the MAbs as 
drug carriers, we characterized tissue distribution of 
radiolabeled MAbs in rats after intravascular injection 
in vivo. 

We studied MAbs directed against the following sur- 
face endothelial antigens: CD31 (anti-PECAM-1 MAb 
164.1), CD54 (ICAM-1 MAb 1A29), CD90.1 (anti-Thy- 
1.1 MAb OX-7), CD143 (anti-ACE MAb 9B9), and the 
murine MAb against rat endothelium (MRC OX-43), 
We also determined the affinity of several PECAM 
antibodies and their uptake in the lungs. Our results 
indicate that antibodies directed against ACE, 
ICAM-1, Thy-l, and PECAM modified with streptavi- 
din (SA) might serve as carriers for vascular immuno- 
targeting to different vascular areas t including lung, 
heart, and spleen. Of specific interest in the context of 
lung biology and pathology, anti-ACE MAb offers more 
selective pulmonary targeting in vivo than other can- 
didate carriers tested in this work, most likely because 
of a very high content of ACE in the pulmonary capil- 
lary endothelium. 

MATERIALS AN£> METHODS 

Materials. IODO-GEN was obtained from Pierce (Rock- 
ford, IL), and Na 125 I was from Amersham (Arlington 
Heights, IL), Dimethyl fonaamide, TCA, and normal mouse 
IgG were purchased from Sigma (St, Louis, MO). SA and 
6-biotinylaminocaproic acid N-hydroxysuccinimide ester 
(long-arm biotin ester) were purchased from Calbiochem 
(San Diego, CA). 

Antibodies. Properties of the anti-ICAM-1 (CD54) MAb 
(clone 1A29) were described previously (48, 59). This MAb 
was purchased from PharMingen (San Diego, CA). Mouse 
anti-rat endothelium MAb, clone MRC OX-43 (54), was pur- 
chased from Serotec (Oxford, UK). Mouse MAb against rat 
CD90.1 (Thy-Ll; clone OX-7) was from PharMingen. Prop- 
erties of the anti-ACE MAbs (clones 9B9 and 5F1) have been 
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described previously (9-11), Anti-ACE 9B9 cross-reacts with 
human, rat, and cat ACE, whereas MAb 5F1 docs not cross- 
react with rat ACE and therefore served as a negative control 
in immunohistochemistry studies. The following antibodies 
directed against PECAM-1 (CD31) were used jn the study; 
MAb clone 164.1 (along with a purified chimera protein 
CD3D W3S kindly provided by Dr. P. Newman (Blood Re- 
search Institute, -Milwaukee, WI); MAb clones 4G6 and 37 
and polyclonal rabbit antibody "Houston" were kindly pro- 
vided by Dr. S- M- Albelda (University of Pennsylvania); MAb 
clone 6E4 was kindly provided by Drs. T, Vlasik and A. 
Mazurov (Russian Cardiology Research Center, Moscow); 
MAb clone 62 was provided by Dr. M. Nakada (Centocor; see 
Ref. 44). Mouse MAb 164.1 was produced using rat PECAM-1 
isoform as an immunogen. AH other monoclonal and poly- 
clonal antibodies have been produced using human 
PECAM-1 as an immunogen; however, some clones cross- 
reacted with rat PECAM isoform. 

Immunostaining of rat tln$ue8 with anti- endothelial anti- 
bodies. Imroonoenzymatic detection of ACE and other endo- 
thelial antigens was mainly performed by the alkaline phos- 
phatase an,ti-alkaline phosphatase (APAAP) technique (5), 
adapted for ACE staining as described (37). In brief, frozen 
tissue sections were air-dried and fixed in acetone for 10 man 
at room temperature. Sections were incubated with the pri- 
mary MAb and then with rabbit anti-mouse ig (1;40; DAKO) 
supplemented with a 1:750 dilution of reconstituted lyophi- 
lized rat serum (Dianova). This was followed by incubation 
with the APAAP complex (1:50; DAKO), Each step lasted SO 
min at room temperature, Samples were thoroughly washed 
in Tris- and HCl-buffered saline (pH 7.6) between steps. 
Alkaline phosphatase substrate reaction with new fuchsin 
(100 |xg/ml) and levamisole (400 u-g/ml) was performed for -20 
min at room temperature. Sections were co'unterstained with 
hematoxylin and mounted in gelatin. Before the systematic 
study of endothelial antigen distribution, different dilutions 
of all MAbs were tested on different native tissues to deter- 
mine the optimal MAb concentration, which was between 1 
and 10 u-g/ml. Further increase of these concentrations did 
not increase the maximal intensity of endothelial immuno- 
staining. suggesting saturation of all antigenic sites. 

To estimate the level of endothelial antigen expression 
within the different vessels, a semiquantitative analysis of 
immunostaining was performed as previously described (25, 
52). Recently, this approach was successfully employed for 
the quantification of ACE expression in kidneys in humans 
(37). The predominant expression pattern of endothelial an- 
tigens was estimated for each vascular segment using the 
following increments of staining intensity; negative 
weak <+), moderate (++), or strong (+ + + ). PECAM-1 
(CD31) is expressed at bi^h levels in endothelial cells in 
different vessels (a "pan-endothelial antigen"; see Ref. 49). 
Accordingly, + + + characterized an intensity of vascular 
staining with antibodies as strong as tbe immunostaining 
with the anti-PECAM (37). Previously, experiments with 
various concentrations of various antj-ACE MAbs showed 
that an increase in one immunohistochemical scoring point 
was equivalent to a 10-fold increase in immunore active sites 
(Franke, unpublished observations). Tissue sections were 
inspected by two morphologists (Franke and Pauls), and the 
immnnoreactivity score and mean expression were assigned 
independently without substantial differences. More than 
300 eryostat sections of the vascular tree in the main organs 
of six rats were analyzed in the study. 

Radiolabeling of antibodies. In a pilot study, we deter- 
mined the optimal conditions for radiolabeling of antibodies 
by iodinating MAb 9B9 using lODO-GEN-coated tubes 



12/09/2004 12:58 FAX 2158980868 



INST FOR ENVIRON MED 



0018 



ANTIBODY TARGETING 

(Pierce), IODO-beads (Fierce), or Bolton-Hunter reagent 
(Amereham). The results of this comparison, shown in Table 
1, indicate that the IODO-GEN method provides the best 
results in terms of effectiveness of radiolabeling and binding 
capacity of the antibody. Based on this result, we used the 
IODO-GEN method for radiolabeling of all antibodies used in 
the study. Briefly, 100 \xg of protein were incubated with 100 
\xCi of Na 125 I for 30 min on ice. The excess iodine was 
removed by gel filtration on a PD-10 (Sephadex G-25) mini- 
column (Pharmacia, Uppsala, Sweden). Analysis with TCA 
precipitation of radiolabeled proteins showed that free iodine 
content in the labeled antibodies did not exceed 5%. 

Analysis of binding of radiolabeled PECAM antibodies to 
immobilized CD$1. Plastic wells of "Microtest" plates were 
coated with human CD31 by overnight incubation at 4°C 
with 100 ng in BBS (pH 8.1). After elimination of nonbound 
CD31 f wells were iocubated with BSA to block nonspecific 
binding sites. Wells coated with BSA without CD31 served as 
a control for the specificity of binding. 12S I-labeled antibodies 
were incubated in the wells for 1 h at room temperature. 
After elimination of nonbound materials, radioactivity in the 
wells was determined in a gamma counter. 

Perfusion of isolated rat lungs. Male Sprague-Dawley rats 
weighing 170-200 g were anesthetized with pentobarbital 
sodium (50 ing/kg ip). Lungs were isolated and perfused with 
a recirculating buffer as previously described (IS). Briefly, 
the trachea was cannulated, and the lungs were ventilated 
with a humidified gas mixture (Airco, Philadelphia, PA) 
containing 5% COs and 95^ air. Ventilation was done with 
an SAR-S30 rodent ventilator (CWE) at 60 eycles/min, a tidal 
volume of 2 ml, and an end-expiratory pressure of 2 emHjaO. 
The thorax was then opened, and a cannula was placed in the 
main pulmonary artery through the transected heart. The 
lungs were isolated from the thorax and transferred to a 
water-jacketed perfusion chamber maintained at 37°C. 
There was no interruption of ventilation during this process, 
and interruption of the lung perfusion was <5 s. Perfusion 
through the pulmonary artery was maintained by a peristal- 
tic pump at a constant flow rate of 10 ml/min. The perfusate 
(45 ml) was Krebs-Kinger buffer (KRB. pH 7.4) containing 10 
roM glucose and 3?c fatty acid-free KIRB-BSA solution. The 
perfusate was filtered through a 0.4-jj.m filter before perfu- 
sion to eliminate particles. One microgram of radiolabeled 
MAb was added to the perfusate. After 1 h of perfusion with 
the radiolabeled protein, the lungs were perfused with a 
single-pass perfusion for 5 min with perfusate that did not 
contain radiolabeled protein to eliminate nonbound radioac- 



Table 1. Comparison of different methods 
for radioiodination ofanti-ACE MAb BB9 



Method of Iodi nation 


Bcltcji-Huiitef 


IODO-GEN 


IODO-Beada 


Labeling yield, % 




41 


29 


Pulmonary uptake, %ID 


23.3x1-8 


27.5 i 3.2 


7.25* 0,04 



Values are means T SE; n = 3 experiments. The effectiveness 
(yield) of the ra&oiodination was determined as percent of protein- 
coupled 12S I recovered after the labeling Biological activity of radio- 
iodinated antibody was determined in vjvg by injecting 1 m-S of 
1Z5 I-]abeled monoclonal antibody (MAb) 9B9 in rats. Pulmonary 
uptake, reflecting binding of the antibody to angjotensin-convertinp 
enzyme CAGE) in the lungs, was determined 1 h after intravenous 
injection and was expressed as percent of injected dose in the lung 
(%TD)- Note that IODO-GEN method permits labeling with minimal 
extent of MAb 9B9 inactivation (the highest value of pulmonary 
accumulation among other methods) wjth an intermediate effective- 
ness of the labeling. 



D LUNG ENDOTHELIUM L1337 

tivity. At the end of experiment, the lungs were removed from 
the chamber, rinsed with saline, and blotted with filter pa- 
per; the lung wet weight was determined, and its radioactiv- 
ity was measured in a gamma counter and expressed as a 
percentage of perfused radioactivity per lung. The radioac- 
tivity associated with parts of the perfusion system was 
determined in a prototype experiment. This parameter did 
not exceed 0.01%' of the total radioactivity added to the 
perfusate. Accordingly, this value has been ignored in the 
analysis of the results. 

In vivo administration of radiolabeled antibodies and bio- 
distribution studies. Male Sprague-Dawley rats were injected 
with l2:1 I-labeled MAb via the. . tail vein under halothane 
anesthesia. A design, protocol, "and analysis of a typical 
experiment have been described previously (11). Briefly, an- 
imals were killed 2 h postinfection , and the internal organs 
were dissected, washed with saline, blotted dry, and weighed, 
Tissue radioactivity in organs was determined in a gamma 
counter; 1 ml of blood, a piece of liver (-1 g), and the entire 
nonhomogenized lung, spleen, kidney, and heart were used 
for measurement. 

The results of l2S I measurements in the organs were used 
to calculate three parameters characterising related yet dif- 
ferent aspects of 12a I-MAb biodistribution and targeting. 
First, the percentage of the injected dose in an organ (%ID) 
characterizes a total value of antibody uptake in an organ ^ 
This parameter shows biodistribution and effectiveness of 
antibody targeting. Second, the percentage of the injected 
dose per gram of tissue (9tID/g) permits comparisons of 
uptake of the antibodies in different organs. Without such 
normalization, uptake in larger organs (e.g., liver) may look 
extremely large, even when compared with a very specific 
and effective uptake in a relatively small organ (e.g., lung or 
heart). Therefore, this parameter evaluates tissue selectivity 
of an antibody uptake. Importantly, this parameter also 
permits comparison of the data obtained in different animal 
species. These two parameters (^tlD and %ID/g) provide 
different absolute values in many organs (including lung, 
winch is not 1 g exactly in rats), as reflected in the difference 
between values in Table 4 and Fig- 3- Third, the ratio be- 
tween percent ID per gram in an organ and that in blood 
gives the localization ratio (LR). This parameter compen- 
sates for a difference in the blood level of circulating radio- 
labeled antibody (e.g., due to the different rate of uptake by 
clearing or target organs). Therefore, LR allows a more ob^ 
jeetive comparison of targeting between different carriers, 
which have different rates of blood clearance. 

RESULTS 

Jmmunohistochemical characterization of antigen 
distribution in rat tissues. In the first part of this work, 
we characterized immunostainmg of ACE (CD143), 
Thy-1,1 (CD90.1), ICAM-1 (CD54), PECAM-1 (CD31), 
and rat OX-43 antigen in rat organs using MAbs em- 
ployed for in vivo studies (see below). The aims of this 
study were to 1) compare binding of different MAbs in 
the organs under identical conditions and evaluate the 
total content of MAb binding sites in the organs; 2) 
visualize cell types recognized by MAbs; and 3) reveal 
potential heterogeneity of the MAbs binding to endo- 
thelial cells in different types of blood vessels in the 
vasculature. For maximal epitope preservation, we 
used fresh frozen tissues for immunostaining sections, 
A preliminary study showed that acetone fixation em- 
ployed in the study, a standard procedure for tissue 
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preparation for immunostaining" using fresh frozen tis- 
sues, does not alter the epitopes. 

All tested MAbs except anti-PECAM MAbs 6E4 and 
4G6 labeled endothelial cells in the rat tissues (Table 
2). This result indicates that they cross-react with the 
rat isoform of human counterpart antigens and there- 
fore are suitable for the following experiments in per- 
fusion of isolated rat lungs and in vivo. When incu- 
bated with the tissue sections, MAbs also displayed 
binding to other cell types than the endothelium in 
certain organs. For example, Thy-1.1 was found in 
lymphocytes in the spleen (Fig. IE\ PECAM-1 was 
found in macrophages and platelets in the spleen (Fig. 
IF), ICAM-1 was found in macrophages (data not 
shown), and ACE was found in the epithelial cells in 
the kidneys and epididymis (data not shown). 

Studied MAbs displayed different staining patterns 
in the endothelium in systemic and peripheral vessels 
of a different caliber (reactivity in the pulmonary vas- 
culature is described below). For example, anti-Thy-l.l 
MAb displayed positive staining in the capillary but 
not in the arterial and venous endothelium (Figs. LA 
and 2D). In contrast, anti-ACE MAb displayed positive 
staining in arterial endothelial cells (Fig. IB), whereas 
capillary endothelium staining was sparse or even neg- 
ative in most organs, except the lung. Antibodies 
against ICAM-1 and PECAM-1 displayed a more ho- 
mogeneous immunostaining pattern in endothelial 
cells in the vessels of different caliber throughout the 
vascular system (Fig. 1C). This pattern of anti-lCAM 
and anti-PECAM MAbs correlates well with a rela- 
tively homogeneous distribution of their antigens in 
vasculature in diverse animal species described in the 
literature (Refs. 14 and 49, respectively). Table 2 sum- 
marizes the data on the distribution of the studied 
antigens in endothelial cells in different types of ves- 
sels. 

Because capillaries represent the most extended vas- 
cular surface area in many target organs, we specifi- 
cally characterized the MAb immunostaining pattern 
in the capillaries in different organs. In this type of 
blood vessels, ACE antigen displayed the most striking 
pulmonary selectivity: 100% of alveolar capillaries 
were strongly labeled by the anti-ACE MAb 9B9 (Fig. 
2A). In sharp contrast, hepatic and renal capillaries 
were negative, and only 5-20% of the capillaries in 
other organs were positive for anti-ACE MAb immuno- 
staining. Other tested antibodies also showed labeling 



of pulmonary capillary endothelial cells (Fig. 2, B^E). 
However, their antigens were well presented in the 
capillaries of other organs as well, except for a rela- 
tively weak immunostaining of ICAM-1 in cardiac and 
PECAM-1 in splenic capillaries (Table 3), 

Uptake of 1Z6 l antibodies in the isolated perfused rat 
lung. Exposure- -of tissue sections to antibodies for a 
sufficient time allows binding to a maximal number of 
tissue epitopes, both intra- and extracellular. There- 
fore, immunochemical study does not provide an in- 
sight into the antigen's ability to harbor ligands circu- 
lating in the bloodstream. To-address this important 
issue directly and estimate accessibility of the endothe- 
lial antigens to circulating antibodies in the absence of 
potentially confusing systemic and blood effects, we 
measured the uptake of 125 I-MAbs in isolated rat lungs 
perfused with blood-free buffer. Figure 3 shows that 
anti-ICAM-1 MAb LA29, anti-ACE MAb 9E9 7 and anti- 
endothelial MAb MRC OX-43 accumulated in rat lungs 
at a similar extent, ranging from 20 to 25% ID. Note- 
worthy, pulmonary uptake of anti-Thy-1 MAb OX-7 
was extremely high (45% ED). Control 125 I-labeled IgG 
did not accumulate in the perfused rat lungs (0.4 ± 
0.04% ID), thus confirming the specificity of accumula- 
tion of the radiolabeled anti-endothelial 1525 I-MAbs. An- 
ti-PECAM MAb 164.1 demonstrated low pulmonary 
uptake (1.9 ± 0.8% ID). The issue of PECAM antibody 
affinity and targeting is addressed separately in Bind- 
ing of PECAM MAbs to purified CD31 antigen and to 
pulmonary endothelium. 

Distribution of 12S I-MAb in the tissues after intrave- 
nous injection in rats in vivo. Table 4 shows the data for 
tissue distribution of * 25 I-MAbs 2 h after intravenous 
injection in intact anesthetized rats. The blood level of 
control IgG was close to 3% ID/g. Taking into account 
that, in an average-sized rat (250 g), total blood volume 
is -15-18 ml, this result indicates that -50% of in- 
jected IgG circulates in the bloodstream. The level of 
anti-endothelial 125 I-MAbs in the blood was signifi- 
cantly lower than that of the control IgG. This result 
likely reflects their binding to the endothelium (and, 
perhaps, other target cells in the tissues accessible to 
the bloodstream), leading to depletion of the circulat- 
ing pool. 

Control l25 I-IgG did not accumulate in any organ. 
Absolute values of IgG uptake in the tissues . were 
significantly lower than its blood level. Therefore, the 
IgG tissue-to-blood ratio (LR) was <0.5 in all tissues, 



Table 2. Endothelial reactivity pattern of different MAbs within the systemic vasculature 
of the rat except the vessels of lung 



Antigen 


Antibody 


Aorta 


Arteries 


Arterioles 




Veins 


Unknown 


MRC OX-43 


+ + + 


+ + +/+ 


+ + +/+ 


+ + +/- 


+ + + 


PECAM-1 (CD31) 


164.1 


+ + + 


++ + 


+ + + 


+ +/- 


+/+ + 


Thy-1.1 (CD90.1) 


OX-7 






-/+ + 


+ ++/- 


+/- 


ICAM-1 (CD54) 


1A29 


+ + 


+ +/- 


+/- 


+ +/- 


+ +/- 


ACE (CD143) 


9B9 


+ + + 


+ + + 


+ + + 


-/+ 


+ +/- 



PECAM, platelet endothelial cell adhesion molecule; 1CAM, intercellular adhesion molecule. The degree of immunoreactivity is scored 
from - (no reactivity) to + + + (strong reactivity), whereby dash U) indicates variations in immunoreactivity within the same types of vessels. 
Note the relative homogeneous endothelial distribution of CD31, e.g., compared with CD90-1- 
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Fig 1. Tn-munoreartivity of monocl^al antibodies (MAbs) OX-7 (CD90. TTxy-1.1) and 9B9 [CD14S '."jg*^ 
causing strong immunoxeaetivity of the red pulp. 



including the lungs (LR <0.3). None of the tested 
antibodies accumulated in the intestine. Renal uptake 
was low for all antibodies, although anti-PECAM-1 and 
anti-Thy-1.1 MAbs displayed a slightly Mfh.er renal 
uptake than control IgG. Anti-endothelial MAb MRC 
OX-43 demonstrated a marked uptake in the spleen 
and significant uptake in the heart, whereas its pul- 
monary accumulation was negligible. 

The data in Table 4 are expressed as percentage ot 
the injected dose per gram to allow comparison be- 
tween different organs. To evaluate total uptake m. 
tissues, one has to multiply the data on organ weight 



(eg., on average, 15 and 12 g for Wood and liver). 
Therefore, it is relatively easily to take mtoaccount the 
blood pool, ranging from 50 to 20% ID (IgG and anti- 
ACE, respectively), and hepatic uptake, ranging from 
40 to 15% ID (anti-ICAM and anti-ACE, respectively). 
However, as seen with tracing of radiolabeled proteins 
in vivo, the balance of injected tracers in majororgans 
and blood does not usually sum up to 100% ID and 
averages 60-80% ID for many MAbs. The mam reason 
is that it is difficult to accurately determine uptake m 
skin, muscles, and other nonmeasured parts of the 
body. 
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Fig. 2. Inrraunoreactivitv of MAbs 9B9 
(CD143, ACE), 1A29 (CD54, ICAM-l), 
164.1 (CD31, PECAM-1), OX-7 (CD90, 
Thy-1.1), OX-43 (unknown antigen), and 
5F1 f control IgG) on serial sections oflung 
tissue of the rat iA-F). The same pul- 
monary artery is shown on left while in- 
sets show general reactivity pattern of 
APAAP. Magnification, x300, except in in- 
sets, where magnification is x 150, Endo* 
thelial cells of lung tissue ^ore homoge- 
neously and strongly labeled by the MAb 
to ACE, encompassing those of pulmonary 
arteries (arrowhead) and alveolar capillar- 
ies The MAbs to ICAM-l show binding to 
endothelial (arrowhead) and epithelial (ar- 
rows) cells in the alveolar compartment, 
PEGAM-1 was expressed by endothelial 
cells of the pulmonary artery (arrowhead) 
and alveolar capillaries (inset), although 
intensity of expression appears to be 
weaker in the latter. The heterogeneous 
endothelial expression of Thy-1.1 is obvi- 
ous in lung tissue. Although endothelial 
cells of pulmonary arteries lacked immu- 
noreactivity (arrowhead), alveolar capil- 
laries were partially labeled. Note the ad- 
ditional perivascular reactivity (arrow), 
indicating expression of Thy-1.1 by some 
pericytic cells. The MAb to the OX-43 an- 
tigen weakly decorated endothelial cells of 
the lung (arrowhead). Endothelial labeling 
was somehow blurred by additional Stro- 
mal reactivity (arrow). The MAb 5F1 to 
human ACE did not cross-react with ACE 
of the rat; therefore, this MAb served as a 
negative control- 




Many MAbs employed in the study displayed the 
significant accumulation in the lungs. Notably, among 
other tested antibodies, anti-ACE MAb 9B9 displayed 
the highest absolute value (16% ID/g) and selectivity of 
the pulmonary uptake, with no detectable uptake in 
other organs. Anti-ICAM-1 and anti-Thy-1.1 MAbs dis- 
played moderate and modest pulmonary uptake (4 and 
6% ID/g) and also accumulated in liver and spleen. 
Anti-Thy-1,1 MAb OX-7 displayed a remarkably high 
uptake in the spleen (18% ID/g). Uptake in the nonpul- 



monary targets (correlating with a high content of 
ICAM-l and Thy-1.1 in the nonpulmonary capillaries; 
Table 3) led to a pronounced depletion of the blood pool 
of l25 I-anti-Thy-l.l and l25 I-anti-ICAM-L As a result, 
pulmonary LR of these m I-MAbs was close to 5 and 15, 
respectively. Taken together, the results presented in- 
dicate that antibodies against ICAM-l and Thy-1.1 
accumulate promiscuously in many organs, including 
the lungs, whereas anti-ACE accumulates selectively 
in the lungs. 



Table 3. Distribution of antigen-positive capillaries in pulmonary vs. systemic circulation 



Antigen 


Antibody 


Lung 


Liver* 


Kidney 


Spleen 


Heart 


Intestine 


Unknown 


MRC OX-43 


100 


20 


100 


ND 


100 


60 






+ 


+ + 


+ + + 




+ + + 


+ 


PBCAM-1 <CD31> 


164.1 


100 


100 


100 


25 


100 


100 






+ 


'+ 


+ + 


+ 


+ 


+ 


Thy-1.1 (CD90.1) 


OX-7 


so 


0 


50 


30 


50 


80 






+ 




+ + 


+ 


+ + 


■h + + 


IGAM-I (CD54) 


1A29 


loot 


100 


100 


50 


10 


20 






+ 


++ 


+ 




+ + 


+ 


ACE (CD14S) 


9B9 


100 

+++ 


0 


0 


20 


10 

+ 


5 

+ 



The percentage of imjnunoreactive endothelial cells in the capillary system of different organs is given in numerical values; the intensity 
of antigen expression is indicated by score values from — (no expression) to + + + (strong expression). * Sinusoids of liver parenchyma, which 
represent >99% of the endothelial Burface of liver, ND t not determined (because of strong background immunoreactivity concerning 
interstitial and inflammatory cells). i Difficult to assess in alveoli of rat lung because CD54 was also found in regular alveocytes. 



12/09/2004 13:00 FAX 2158980868 



INST FOR ENVIRON MED 



@022 



ANTIBODY TARGETING TO LUNG ENDOTHELIUM 



L1341 



60 - 



2 g 3D 
IS 



□ Systemic Injection 
i Porfuscd tungs 




1A29 
fCAM-1 



Thy-1-1 
Antfg«n/arrtIbody 



164.1 
PECAMi 



Control \QQ 



Fig. 3. "Lung accumulation of 12S Mabeled MAbs to en- 
dothelial antigens in isolated perfused lung and after 
systemic injection. 125 I-labeled MAbs (300,000 counts/ 
min, 1 |Xg) were added to perfusate [isolated perfused 
lungs (IPL)] or injected into the tail vein. Lung uptake 
vo-as estimated 2 h after perfusion or after injection and 
is expressed as percent-injected dose (means + S.D; >i = 
3 experiments). 



Binding of PECAM MAbs to purified CD31 antigen 
and to pulmonary endothelium. Figure 3 shows that 
anti-PECAM MAb 164.1 displayed a relatively modest, 
nonselective uptake in the lungs and other organs in - 
vivo (3,5% ID/g in the lung, LR >10). Therefore, MAb 
164.1 displayed slightly higher pulmonary uptake in 
vivo than in the perfused rat lungs (2% ID). The blood 
plasma volume in rats (6 ml) is seven times smaller 
than that of the perfusion buffer (45 ml). Therefore, an 
apparent contradiction between MAb 164,1 pulmonary 
uptakes in vivo and in perfusion can be reconciled 
based on the assumption that the affinity of the MAb 
164.1 clone is a limiting factor. In general, the affinity 
of MAbs binding to endothelial antigens is a critically 
important parameter of the targeting. Capitalizing on 
the availability of purified human CD31 (kindly pro- 
vided by Dr. P. Newman), we performed a more sys- 
tematic study of the binding profile of different anti- 
PECAM clones- 
Figure 4 shows typical binding curves of radiolabeled 
MAb (MAb 6E4; A, and MAb 62; JB) and polyclonal 
antibodies (rabbit Ab Houston) to immobilized CD31. 
The bottom curves in Fig. 4; C, represent binding to 
control wells coated with albumin. Binding of 125 I-IgG 
to CD31-coated wells did not differ from binding of 
125 Lanti-PECAM to albumin- These controls help to 
appreciate a high specificity of anti-PECAM binding to 



CD31. To characterize the affinity of PECAM antibod- 
ies, the Scatchard analysis of the binding curves (linear 
regression between bound ligand and the bound-to-free 
ratio) has been performed. Figure 4, insets, shows re- 
sults of this regression and indicate that binding 
curves of all anti-PECAM clones display a fairly good 
linearization pattern, permitting determination of 
their affinity constants (K&). 

Table 5 shows that values determined for five 
different clones of anti-PECAM varied from relatively 
high (5 and 10 nM for MAbs 37 and 62) to relatively low 
(250 nM for polyclonal antibody Houston). However, 
despite significant variations in affinity, all tested 
PECAM antibodies displayed relatively low uptake in 
the perfused rat lungs (2.0-2.5% vs. 0.6 ± 0.1% ID/g 
for control IgG) and in rat lungs in vivo (2.5-3.6% 
ID/g). In the previous study, we observed that coupling 
to SA augments binding and internalization of biotin- 
ylated PECAM antibodies by endothelium (42). In good 
agreement with this early observation, experiments in 
perfused rat lungs showed that conjugation with SA 
augmented pulmonary uptake of biotinylated Ab Hous- 
ton and MAb 62 to 40-50% ID/g. SA had no effect on 
pulmonary uptake of biotinylated control IgG. Conju- 
gation of biotinylated MAb 164.1 with SA markedly 
augmented its pulmonary uptake in perfused rat lungs 
(10% ID/g) yet had no effect on pulmonary uptake in 



Table 4- Biodistribution of 2 * 5 I-MAb$ in rat after systemic injection 



..-Antigen 


Antibody 


Blood 


Lung 


Unknown 


TiRCOX-4S 


1.122 0.34 


0-47 


±0.12 


PECAM-1 (CD31) 


164.1 


0.27 £0.05 


3-55 


±0.78* 


Tby-U (0D90.1) 


OX-7 


0.77*0,25 


3.73 


±1.10* 


ICAM-1 (CD54) 


1A29 


0.342:0.02 


5,52 


±1.99* 


ACE (CD143) 


9B9 


1.673:0,62 


15-65 


±5.38* 


Control 


5F1 


3.79 = 0,46 


0,87 


±0.21 



Liver 



Kidney 



Spla 



Heart 



Intestine 



0.69 ±0,22 
2.93 ±0.49* 
1.73 ±0.33* 
2.792 0.44* 
0.652 0,1$ 
0.942 0,20 



0,93 ±0.35 
1,47±0-3S* 
1,57 ±0.27* 
0.80 ±0-06 
0.47 ±014 
1.04 ±0.07 



6.67 ±2.09* 
1.74±0.26* 
18.13 ±4.01* 
3.222 0.60* 
0.48 2 0,16 
0.462 0,11 



1.89x0-42* 
1.30=:0-59* 
0,U=: 0-03 
0.49±0-14 
0,45 ±0-13 
0.783:0.09 



0.62 ±0.10 
0.21 ±0.03 
0.09 ±0.04 
0.32 ±0.04 
0.44 ±0.14 
0.51 ±0.05 



Data axe means ±SD;* - 3 e^erijnents. Control, 
(300 000 counte/min, 1 After injection {2 h), animals were killed, internal organs were dissected, washed with saline, and weighed, and 
radioactivity in organs was measured in a Rack-Gamma counter. * Values of accumulation statistically significant from control IgG. 
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vivo. However, MAb 62 conjugated with SA displayed a 
very high pulmonary uptake after injection in intact 
rats. The absolute value of SA-MAb 62 uptake attained 
15% ID/g, close to that of anti-ACE MAb 9B9 (see Fig. 
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Fig. 4. Binding of-different anti-PECAM MAbs to immobilized hu- 
man CDSL Radiolabeled anti-PECAM antibodies were incubated in 
the wells coated with CD31 (c) or albumin fc) for 1 h at room 
temperature. The binding was determined after extensive washing of 
nonbound antibodies and is expressed as means £ SD (n * 3). Insets 
show linearization of the CD31 binding curves in Scatchard graphs 
(y-axes show the bound-to-free ratio, *-axes show bound MAb), 



3). Therefore, the anti-PECAM-SA conjugate repre- 
sents a good candidate for vascular immunotargeting 
to pulmonary endothelium. 

DISCUSSION 

Pulmonary endothelium represents an important 
and privileged target for site-specific delivery of ther- 
apeutic agents or genes. Immunotargeting strategies 
are based on com'ugation (chemically or via gene.engi- 
neering) of a drug (enzyme, gene) with carrier antibod- 
ies that recognize specific antigens on the surface of the 
target cell (51). Antibodies'" 'directed against surface 
endothelial antigens represent potential carriers for 
the targeting of drugs or genes to the pulmonary en- 
dothelium. For example, TM antibody recognizes endo- 
thelial cells in vitro and in vivo, accumulates in the 
murine lung after intravascular injection (31), and is 
capable of delivery of liposomes or genetic material to 
the pulmonary endothelium (36, 60). The therapeutic 
applicability of anti-TM is, however, restricted by the 
intracellular degradation of internalized TM ligands 
(26, 41) and by suppression of the anticoagulant func- 
tion of TM by anti-TM (16). Schnitzer (57) reported the 
pulmonary accumulation of an antibody recognizing 
the nonidehtified caveola-associated antigen in rats in 
vivo. However, both the function of this antigen and 
potential effects of the antibody remain to be charac- 
terized more rigorously to evaluate their therapeutic 
potential. Antibodies recognizing surface adhesion 
molecules such as PECAM-1. ICAM-1, E-selectin, P- 
selectin 7 and vascular cell adhesion molecule^! also 
represent a class of potentially useful carriers (32, 48 7 
58), although in vivo characterization of these antibod- 
ies requires more rigorous study. 

To further extend and better characterize the list of 
potential antibody carriers, in this work we studied 
binding of antibodies against ACE, PECAM-1, 
ICAM-1, and Thy-1.1 to their antigens in tissue sec- 
tions, in the perfiised rat lungs, and in vivo. The pri- 
mary goal of this work was to directly compare differ- 
ent MAb carriers in standard experimental models. To 
accomplish this goal, we employed .certain specific ex- 
perimental conditions and parameters. First, to facili- 
tate evaluation of total binding of MAbs in the tissues, 
we did not inflate lungs harvested for immunochemical 
study. A more compact tissue of hypoventilated lung 
permitted us to compare the gross binding of different 
MAbs in comparative study. This approach might pre- 
clude a more precise localization of the antigens in 
specific cell types and compartments (e.g., intracellular 
vs. surface). Electron microscopy or use of the avidin- 
biotin couple could, theoretically, provide an insight 
into surface localization and accessibility of the anti- 
gens [e,g,, see previous publications on this subject (40, 
42)1. However, electron microscopy data are difficult to 
collect and analyze quantitatively in a significant num- 
ber of animals. On the other hand, accessibility to 
biotinylating agents (small molecules, -400 Da) may 
be higher than that to large antibody carriers (IgG 7 
180,000 Da). Therefore, we believe that, in the context 
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Table 5. Binding of I25 I-PJSCAM antibodies to purified CD31 and their pulmonary uptake 
in perfused rat lungs and in vivo 



Antibody 




Antibody 














Houston 


MAb 62 


MAb 164.1 


MAb 6E4 


MAb 37 


MAb 4G6 


Jf dt nM 


NA 


250* 


10* 


ND 


20 


5* 


30* 


b-MAb uptake in IPL, % ID/g 


0,6 ±0.1 


2,5 ±0.8* 


2,3 ±3.1* 


2.1 + 0.3* 


ND 


ND 


ND 


SA/b-MAb uptake in IPL, % ID/g 


0.5 ±0.2 


53,5 ±9.3* 


39.5 ±3.1* 


10.5> 1.4* 


ND 


ND 


ND 


b-MAb uptake in vivo, 9c ID/g 


2.3 ±0.7 


ND 


3.6 ±1.1* 


2.6 ±0.2* 


ND 


ND 


ND 


SA/b-MAb uptake in vivo, 96 ID/g 


2.1 ±1.1 


ND 


14.5 ±2.9* 


1.4 ±0.5* 


ND 


ND 


ND 



Values are means ± SB. SA, fitreptavidin; IPL, isolated perfused lungs. All antibodies have been produced using human PECAM-1 as an 
imnrunogen. Affinity of binding to PECAM-1 varies from relatively high (MAb 37 and 62) to low (polyclonal antibody Houston). ^Binding- 
affinity of MAb 4G6 and MAb 37 was determined by direct RIA similar to other antibodies, except that hurnnnntmbilical vein endothelial cells 
were used as an antigen instead of purified CD31 (binding was performed at 4 P C). Antibodies MAb 6E4 and MAb 4G6 did not display 
cross-reactivity with the rat PECAM isoform. Please note that biotinylated (b) antibodies wore used in this study; a minor covalent 
modification of the antibodies in the course of biotinylation may explain subtle differences between the data on pulmonary uptake shown here 
and elsewhere in the report (e.g., Table 4 and Fig. 3). NA, not applicable; ND, not determined. *Sipn*ficantly different from IgG control. 



of drag/gene delivery, a direct measurement of the 
tissue uptake of radiolabeled MAbs provides the most 
accurate information about accessibility of the target 
antigens to potential carriers. 

Analysis of imm unotargeting (i.e., 12G I-MAb uptake 
in different organs) can be performed in several ways, 
including normalization of MAb uptake per surface 
vascular area in the organs. However, literature on the 
surface area of vasculature in different organs is ex- 
tremely fragmentary, contradictory, and confusing. 
For example, published data of the vascular surface 
area in the lungs varied from 38 (S) to 300 (30) m 2 and 
even 5,000 m 2 (12) in humans and from 2,500 cm 2 /g of 
lung (7) to 4,500 cm 2 /g (62) in rats (normalized to a 
300-g rat). The data for other organs are even more 
fragmentary and conflicting (S) and do not allow an 
accurate and reliable normalization of MAb uptake to 
the surface area. It is tempting to normalize an anti- 
body uptake to distribution of a pan-endothelial 
marker, but it raises a question about what such a 
marker might be. Different antigens, including ACE 
and PECAM-1, have been proposed as pan-endothelial 
markers for the sake of interpretation of biodistribu- 
tion of radiolabeled antibodies in vivo (48, 61). How- 
ever, an average or "generic* 1 endothelial cell is a con- 
stituency that probably does not exist in a real 
vasculature. For example, it is difficult to exclude that 
endothelial cells in different vascular areas (even in 
the same organ) can possess different numbers of cop- 
ies of PECAM-1, A systematic, morphometry study of 
surface density of PECAM in the vasculature has yet to 
be performed. Because the goal of our research is to 
develop a drug delivery strategy, we used more stan- 
dard, conventional pharmacokinetic parameters (%ID 
and %ID/g and LR) that permit comparison between 
target and nontarget uptake of different agents. From 
the drug delivery standpoint, percent ID and percent 
ID per gram characterize the concentration of the de- 
livered drug in target and nontarget organs and there- 
fore permit comparison of local and systemic effects. 
Speculatively, a relatively high pulmonary uptake of 
any given antibody could reflect the simple fact that 
the lung vascular area is larger than that in other 
organs. However, the vascular surface within the same 



organ is identical for all studied antibodies. Therefore, 
analysis of pulmonary uptake of nonspecific control 
IgG and antibodies directed against pan-endothelial 
antigens (e.g., ICAM-1) implies that a high pulmonary 
uptake of anti-ACE likely reflects a specifically high 
presentation of ACE in the pulmonary capillaries. 

ACE is a transmembrane ectopeptidase localized on 
the luminal surface of the vascular endothelium (2, 55). 
Anti-ACE MAb 9B9 recognizes rat and human ACE 
and accumulates in rat lung with high specificity and 
effectiveness (20-30% ID; see Ref, 11). Recently, we 
published results of a semiquantitative immunohisto- 
chemical study that described a very heterogeneous 
distribution of ACE in human endothelial cells along 
the vascular tree in humans. Although the endothe- 
lium in small arteries and arterioles displayed a strong 
ACE expression, the endothelium in aorta, large arter- 
ies, and veins displayed poor expression or complete 
lack of ACE. In the extrapulmonary capillaries, only 
10-20% were positive by anti-ACE staining, whereas 
100% of pulmonary capillaries displayed strong immu- 
noreactivity with anti-ACE MAb (20, 25, 37), 

Results of the present study indicate that, in con- 
trast to the human endothelium, rat endothelium dis- 
plays more homogeneous and strong ACE expression 
in large vessels of all types, in either arteries or veins. 
However, anti-ACE reactivity in rat capillaries and 
small veins was similar to that seen in human tissues; 
ACE staining was positive in -10% of capillary endo- 
thelial cells in extrapulmonary tissues, whereas 100% 
of pulmonary capillaries expressed ACE (Table 3), In 
good agreement with ACE distribution in the rat vas- 
culature, the radiolabeled MAb 9B9 displayed a tissue- 
selective accumulation in the lung (Table 4 and Fig. 3). 

Noteworthy, our previous data documented that pul- 
monary uptake of MAb 9B9 does not depend on the 
route of administration; therefore, it is not a result of 
the first*passage uptake in the lung (11). In the present 
study, anti-ACE MAb 9B9 demonstrated similar val- 
ues of pulmonary uptake in vivo and in the perfused 
lung. This result excludes the contribution of blood or 
systemic effects in pulmonary uptake of MAb 9B9 and 
confirms that it represents a good carrier for the tissue- 
selective drug/gene delivery to the pulmonary endothe- 
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Hum. The fact that radiolabeled ACE inhibitors (small 
molecules, 500 Da) accumulate in isolated perfused 
lung (29) and in whole animals (28) with the same 
efficacy as the MAb 9B9 (IgG, 170,000 Da) suggests 
that the accessibility of the ACE epitope for MAb 9B9 
is close to ideal. Endothelial cells internalize anti-ACE 
MAb 9B9 (40). Thus anti-ACE may be useful for intra- 
cellular delivery, Anti-ACE MAbs cause no detectable 
harmful effects in laboratory animals or in norcnoten- 
sive patients. It might be especially attractive for tar- 
geting of drugs/genes for treatment of pulmonary hy- 
pertension. In this disease, local overexpression of ACE 
(i.e., target for anti-ACE MAb) in distal, small pulmo- 
nary arteries (39) may play a role in the musculariza- 
tion of these vessels, one of the earliest and most 
consistent features of pulmonary hypertension (38). At 
the present time, MAb 9B9 is one of the potentially 
most useful carriers for pulmonary targeting. 

A second potential carrier studied in this work was 
MAb 1A29, which recognizes the transmembrane en- 
dothelial surface adhesion molecule ICAM-1 (48, 59). 
Endothelial cells constitutively express ICAM-1, yet 
cytokines and other inflammatory mediators cause fur- 
ther stimulation of its expression (50). In the normal 
perfused rat lung, MAb 1A29 accumulates to the same 
extent as MAb 9B9 (Fig. 3). However, the pulmonary 
accumulation of MAb 1A29 in vivo is markedly less 
selective than that of MAb 9B9 (Table 4), A more 
promiscuous pattern of 125 I-anti-ICAM biodistribution 
correlates with a more uniform distribution of ICAM-1 
in the vasculature in different tissues (Pig. 1 and Ta- 
bles 2 and 3)- Significant accumulation of MAb 1A29 in 
the liver correlates well with its high content in the 
hepatic vasculature. It is likely that depletion of the 
circulating pool of anti-ICAM-1 by nonpulmonary tar- 
gets limits its pulmonary uptake. Our preliminary 
studies imply that injection of saturating doses of ra- 
diolabeled anti-ICAM-1 (e.g., 10 p-g in mice) permits 
pulmonary accumulation of 10— 15% ID/g (Mured an o JC 
and Muzykantov VR, unpublished observations). Thus 
anti-ICAM-1 represents an attractive carrier for vas- 
cular immunotargeting. For example, our recent study 
documented that anti-ICAM-catalase conjugate brads 
to the pulmonary endothelium and protects it against 
oxidative insult similarly to anti-ACE-catalase (1). In 
addition, anti-ICAM-1 may be useful for drug delivery 
to inflammation-engaged endothelium* Results from 
Granger's laboratory (48) indicate that radiolabeled 
anti-ICAM accumulates more effectively in the lungs of 
cytokine-challenged animals. 

Another surface adhesion molecule tested in this 
study was PECAM-1, a member of the Ig superfamily 
expressed constitutively in endothelial cells at the level 
of several million copies per cell (46). Qualitatively, 
PECAM-1 immunostaining in the rat tissues was even 
more pronounced than that of ACE and ICAM-1 (Figs. 
1 and 2). Semiquantitative analysis of immunostaining 
showed that PECAM-1 is homogeneously distributed 
throughout all larger vessels, yet PECAM staining is 
detectably weaker in the capillaries (Tables 2 and 3). 



This observation supports the notion that the term a 
"pan-endothelial marker" must be used very carefully. 

Recent results from several laboratories show that 
different PECAM antibodies coupled to enzymes or 
genetic material accumulate in the lungs in vivo in 
different animal species and can be used as carriers for 
the delivery of^drugs and genes to the pulmonary 
endothelium (4^35, 42, 56), In the present study, ra- 
diolabeled anti-PECAM displayed a significant, yet 
rather modest, pulmonary uptake after intravenous 
injection in rats (Tables 4 and 5) and a relatively poor 
uptake in the perfused rat lungs (Fig. 3). Low uptake in 
the isolated rat lung perfused with blood-free buffer 
implied that the affinity of anti-PECAM is not suffi- 
cient for the targeting (total volume of buffer in the 
perfusion system is 45 ml vs. —6 ml of plasma in rats). 
Theoretically, affinity of antigen binding is an individ- 
ual feature of anti-PECAM clones. To address this 
issue, we characterized several anti-PECAM clones in 
terms of binding to immobilized CD31 and pulmonary 
uptake. Our results indicate that 1) an affinity of anti- 
PECAM clones binding to human CD31 varies from 5 
to 250 nM; 2) these clones display low pulmonary 
uptake in perfusion and modest uptake in vivo; 3) after 
conjugation with SA, some anti-PECAM clones (e.g., 
MAb 62) display very high uptake in the perfused 
lungs (30-40% ID/g) and in vivo (15% ID/g); and, 4) the 
magnitude of the effect of SA differs for individual 
clones, e.g., SA-biotinylated (b) MAb 164.4 conjugate 
displays an intermediate uptake in perfusion (10% 
ID/g) and low uptake in vivo (2% ID/g). 

We attribute the effect of SA to formation of multi- 
valent complexes possessing a high affinity for binding 
to PECAM. Variations of the effect of SA with individ- 
ual anti-PECAM clones may be explained by several 
reasons. First, the effect of SA on behavior of individ- 
ual anti-PECAM clones may depend on their initial 
affinity. However, a very similar effect on pulmonary 
uptake of b-MAb 62 (Ka 10 nM) and b-Ab Houston (Ka 
250 nM) in perfusion indirectly argues against this 
explanation. We favor an alternative explanation that 
the size of SA-b-anti-PECAM conjugates may differ for 
each individual biotinylated MAb clone. Proteins, in- 
cluding Igs, have a different amount of lysine residues 
suitable for biotinylation. Our recent studies show that 
various biotinylated MAb clones form complexes with 
SA that vary in size from 50 nm to 50 jim and that the 
size of the resulting SA-b-MAb complexes represents 
an extremely important parameter of the targeting 
(Wiewrodt R and Muzykantov, unpublished observa- 
tions). This aspect of immunotargeting is^ currently 
under investigation in one of our laboratories (Muzy- 
kantov), The present results indicate that formation of 
anti-PECAM-SA conjugates dramatically facilitates 
pulmonary targeting of anti-PECAM- It is conceivable 
to postulate that affinity of binding of multivalent 
SA-anti-PECAM to CD31 is higher than that of biva- 
lent antibody, albeit at the present time we cannot 
exclude potential contribution of facilitated internal- 
ization. A direct comparison of the Ka for anti-PECAM 
and SA-anti-PECAM to CD31 represents a formidable 
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task because interpretation of the results of either 
classical (e.g., Scatchard linearization) or modern (e.g., 
BioCore plasmon resonance) analyses depends on a 
ligand size. However, chemical modification of anti- 
PECAM with cross-linkers produces multivalent high- 
affinity, intemalizable anti-FECAM complexes useful 
as carriers for vascular immunotargeting of enzymes 
and genes to the pulmonary vasculature in intact ani- 
mals (4, 35, 42). 

CD90.1 (Thy-1.1) antigen is a cell-surface glycopro- 
tein initially identified as a cell differentiation marker 
expressed in the thymus, lymphoid tissues, hemopoi- 
etic stem cells, and neurons (6, 24). Our data show that 
anti-CD90,l MAbs accumulate in the spleen (18% ID/g 
tissue) after systemic injection. This result correlates 
well with the high level of Thy- 1.1 antigen in this 
organ, likely because of a high concentration of Thy- 
Ll-expressing blood cells and their precursors (Fig. 1), 
Effective splenic targeting of anti-Thy-1,1 corroborates 
with the literature indicating that Thy-1.1 antibodies 
could be used for delivery of liposomes to lymphoid 
tissues (13, 27). However, endothelial targeting and 
pulmonary uptake of anti-Thy-Ll have not been ad- 
dressed in the literature; to our knowledge, this paper 
presents the first evidence of pulmonary accumulation 
of anti-Thy-1.1. The nature and potential applicability 
of anti-Thy-Ll uptake in the lungs (so explicitly man- 
ifested in the perfused organ) is worthy of further 
in-depth investigation. The images of tissue immuno- 
stainings (Figs. 1 and 2) show that anti-Thy-1.1 binds 
to endothelial cells. This result corroborates a recent 
observation (34) and provides a plausible explanation 
for the pulmonary accumulation of anti-Thy-1.1. How- 
ever, pulmonary vasculature is known to contain a 
significant amount of resident Thy-l.l-positive white 
blood cells (15). Therefore, both binding to endothelium 
and to resident white blood cells may contribute to the 
lung targeting. The applicability of antibodies to Thy- 
1.1 for vascular immunotargeting must be addressed 
carefully, especially iix the light of potential side effects 
on Thy-1.1 on the lymphoid and renal cells (45). 

Mouse anti-rat endothelial MAb MRC OX-43 accu- 
mulates in the perfused rat lungs (Fig. 3). This indi- 
cates that the luminal surface of vascular endothelium 
expresses the antigen recognized by MRC OX-43 and 
that the affinity of the antibody is sufficient for bind- 
ing. This MAb recognizes the endothelium of arteries, 
veins, and capillaries (except brain capillaries). In 
spleen and in the other organs, significant numbers of 
interstitial cells are labeled (Figs. IB and 2E; also see 
Ref 54). After in vivo injection, this MAb shows no 
detectable pulmonary uptake but accumulates in the 
spleen (7% ID/g tissue) and in the heart (2% TD/g) t 
findings that correlate with irnmunohistochemical 
data. Although cardiac accumulation (a rare feature for 
carrier MAbs) is of interest, the lack of significant 
pulmonary targeting, as well as the unknown nature of 
the antigen and its function, limits speculation on 
potential applicability of MAb MRC OX-43, 

In summary, our results support the paradigm that 
antigen accessibility to the bloodstream and antibody 



affinity represent more important determinants for the 
vascular immunotargeting than the total level of an 
antigen expression. This paradigm is shown in the 
perfused rat lung by a poor uptake of x25 I-anti-PECAM 
(despite extensive immunostaining) and high uptake of 
125 I-anti-Thy-l.l (despite relatively modest immuno- 
staining). PECAM-1 is clearly localized in the vascular 
endothelium in the lung. Therefore, even a well-ex- 
pressed endothelial antigen may provide a relatively 
poor targeting if an epitope is not accessible to the 
circulating antibody or if the antibody affinity does not 
Suffice, In this context, means for augmentation of 
carrier affinity (such as SA modification) are of signif- 
icant interest. Li general, the tissue selectivity of MAb 
uptake correlates with that of an antigen presentation 
in the capillaries. It can be explained by the fact that 
capillaries represent the most extended endothelial 
target surface area in many organs. This paradigm is 
shown by the selective accumulation of anti-ACE MAb 
in the lungs, in good agreement with a high selectivity 
of ACE expression in the pulmonary capillaries. In fact, 
only the ACE antibody demonstrates a tissue-selective 
pulmonary uptake among the tested antibodies. 

Results of this and other recent studies indicate that 
anti-ACE, anti-ICAM-1, and anti-PECAM-1 may serve 
as carriers for vascular immunotargeting, including 
delivery of drugs, enzymes, and genes to the pulmo- 
nary endothelium. Lung perfusion may permit even 
more effective and safe pulmonary targeting, poten- 
tially applicable in lung transplantation and cardiopul- 
monary bypass. 
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ABSTRACT Conjugation of drugs with antibodies to sur- 
face endothelial antigens i$ a potential strategy for drug 
delivery to endothelium- We studied antibodies to platelet- 
endothelial adhesion molecule 1 (PECAM-l, a stably ex- 
pressed endothelial antigen) as carriers for vascular immu- 
notargeting. Although ,2S I-!abeled anti-PECAM bound to 
endothelial cells in culture, the antibody was poorly internal- 
ized by the cells and accumulated poorly after intravenous 
administration in mice and rats. However, conjugation of 
biotinylated antl-PECAM (b-anti-PECAM) with streptavidin 
(SA) markedly stimulated uptake and internalization of anti- 
PECAM by endothelial cells and by cells expressing PECAM. 
In addition, conjugation with streptavidin markedly stimu- 
lated uptake of '^-labeled b-anti-PECAM in perfused rat 
lungs and in the lungs of intact animals after either intrave- 
nous or intraarterial injection. The antioxidant enzyme cata- 
lase conjugated with b-anti-PECAM/SA bound to endothelial 
cells in culture, entered the cells, escaped intracellular deg- 
radation, and protected the cells against H^OHnduced injury. 
Anti-PECAM/SA/ 12S I-catalase accumulated in the Jungs af- 
ter intravenous injection or in the perfused rat lungs and 
protected these lungs against H 2 0>-induced injury. Thus, 
modification of a poor carrier antibody with biotin and SA 
provides an approach for facilitation of antibody-mediated 
drug targeting, Anti-PECAM/SA is a promising candidate for 
vascular immunotargeting of bioactive drugs. 



Conjugation of drugs with monoclonal antibodies is a potential 
strategy for site-specific therapy (immunotargeting). Vascular 
immunotargeting has been proposed using antibodies to en- 
dothelial antigens, such as angiotensin-convcrting enzyme 
(ACE) (1), thrombomodulin (2), tumor endothelial antigens 
(3), E-selectin (4), and intercellular adhesion molecule'-l 
(ICAM-1)(5). Because the lungs contain ^3095 of endothelial 
cells in the body and receive the entire cardiac blood output. 
• these antibodies accumulate in the lungs, providing targeting 
to the pulmonary endothelium (1. 2. 5). 

None of the antibodies used to date for vascular imrnvno- 
targeting has proven ideal. They all have relatively limited 
binding capacities [c.g. T 1-3 x 1Q 5 binding sites per cell for 
anti-ACE (6)]. Poor internalization of anti-intercellular adhe- 
sion molecule by endothelium precludes intracellular delivery 
of a drug or genetic material (7). Although endothelium 
internalizes anti-thrombomodulin. it undergoes rapid cellular 
degradation (8). Anti-ACE selectively delivers drugs to the 
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pulmonary endothelium and is internalized without rapid 
degradation (L 5. 6). However, cytokines and oxidants sup- 
press ACE expression in endothelium and. thus, inflammation 
may compromise targeting (9), 

To develop a more efficient and safer strategy for drug 
targeting co endothelium, we studied antibodies to platelet" 
endothelial cell adhesion moleculc-l (PECAM-l. or CD3U. 
PECAM-l is a transmembrane adhesion molecule expressed 
at high levels on endothelial cells (>1 million copies per cell) 
that plays an important role in transcndothelial migration of 
leukocytes (10-12), Unlike ACE. expression levels arc not 
markedly altered by cytokines (11). 

We therefore evaluated the targeting profile of anti- 
PECAM in cell cultures and in animals. Although endothelial 
cells possessed very high anti-PECAM binding capacity, they 
did not internalize anti-PECAM. Similarly, although anti- 
PECAM intensely stained endothelium in the lung tissue, 
i:5 HabeIed anti-PECAM accumulated poorly in the lungs. 

However, because immunotargeting requires that the drug 
be coupled to a carrier, we studied the effect of conjugation of 
biotinylated ami-PECAM (b-anti-PECAM) with streptavidin 
(SA) on the targeting profile of b-anti-PECAM. In this paper, 
wc report that streptavidin markedly facilitates internalization 
and pulmonary targeting of anti-PECAM and, therefore, 
provides a useful mechanism tor delivery of drugs to endo- 
thelial cells. The effect of SA is' not limited to anti-PECAM* 
and endothelial cells. Therefore. SA-mediated conversion of 
poor carriers to highly internalizable/targetable carriers, pro- 
vides a paradigm for drug targeting strategics. 

MATERIALS AND METHODS 

Antibodies.. Four PECAM-l antibodies were used; (/) 
"Houston", a polyclonal rabbit IgG against human and rai 
PECAM-l (13): (a) mAb 62, provided by M. Nakada (Cen- 
tocor) an IgG2 mAb reacting with human and rat PECAM-l 
(14); (at) mAb 4G6, a mouse mAb IgG2b reacting with the 
most membrane-proximal, sixth Ig-likc loop of human PE- 
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CAM-1 (15): and (/V) mAb 390. a rat mAb reacting with 
murine PECAM-1/CD31 (15). Soluble purified PECAM 
was generously provided by P. Newman (Blood Center 
of Southeastern Wisconsin). Murine mAb 1045 recognizes a 
chondroitin sulfate-dependcnt epitope of "human 
thrombomodulin (8), 

Biotinylation. Radiolabeling, and Conjugation of Proteins, 
Proteins were biotinylated with 6-biotinylaminohexanoic acid 
.V-hydroxysuccinimide ester (BxNHS. Calbi'ochcm) without 
detectable reduction of functional activity and designated as 
b-IgG. b-mAb. or b-catalasc (Fluka) following procedures 
described (16), Proteins were labeled with '-f (Amersham 
Pharmacia) using lodogen (Pierce). Catalase was conjugated 
with b-i«G or b-anti-PECAM by using a procedure described 
previously (16). 

Bindings Internalization, and Degradation of l25 I-Labeled 
Anti-PECAM in Cell Culture. The following cell lines were 
used: (/) human umbilical vein endothelial cells (HUVEC): (//) 
EAhyu 2ft cells (immortalized PECAM-expressing transformed 
hybrid cells), kindly provided by C. Edge] (University of North 
Carolina. Chapel HilL NC) (17): and (Hi) human mesothelioma 
REN cells, or REN ceils transfected with human PECAM-1 
cDNA (REN/PECAM cells) (14). r - 5 Mabeled antibodies or 
conjugates were incubated with washed cells in M199 medium 
containing 0.2% BSA at 4 C C or 37°C. After washing with 
MI 99. cells were incubated for 15 min with 50 mM glycine/ 100 
mM NaCL pH 2.5 to release Surface-associated antibody. 
There was no detectable cell detachment or plasma membrane 
damage (determined by leakage of sl Cr) immediately after 
treatment with glycine buffer. After glycine elution. cells were 
lysed with 0.^1 Triton X-100. Cellular uptake was calculated 
as a sum of J in the glycine eluates (surface-associated label) 
and the cell lysates (internalized label). Percent internalization 
was calculated as % ™ (total uptake -surface associated) x 
100/(total uptake). To determine degradation of the 125 I- 
labeled proteins and detachment of l25 l from the proteins, cell 
lysates were incubated for I h at 4 a C with 10% trichloroacetic 
acid and centrifuged. and in the pellet and in the super- 
natant^ was determined. Percent degradation was calculated as 
& = (supernatant x 100/(supernatant + pellet 
(6, 8). 

Electron Microscopy of the Endothelial Uptake of b-Anti- 
PECAM/SA/b-Ferritin Complex. Confluent HUVEC (pas- 
sage 2-3) grown on gelatin-coated 60 mm Petri dishes were 
incubated with b-anti-PECAM/SA/b-ferrlcin or WgG/SA/ 
b-ferritin for 60 or 120 min at 37*C in M199 medium supple- 
mented with 10% fetal bovine serum. After washing, cells were 
incubated for 10 min with ice-cold 2% paraformaldehyde/ 
0.5% glutaraldchyde in 0.1M cacodyiate buffer (pH 7.4) and 
processed for routine transmission electron microscopy. 

Experiments in Isolated JPer fused Rat Lungs. Preparation 
of isolated perfused lungs (IPL) wasperformed in anesthetized • 
Sprague-Dawlcy male rats (170-200 g) as described (5, 6). IPL 
were ventiiaied with a humidified gas mixture containing 5% 
CO: and 95% air and perfused via the pulmonary artery with 
45 ml of recirculating filtered Krebs-Ringcr buffer (KRB) (pH 
7.4). containing 10 mM glucose and 3% fatty- acid-free BSA at 
37°C lz *I-labe]ed proteins were perfused' in IPL for 1 hr 
followed by 5 min with perfusion with KRB/BSA to eliminate 
nonbound material. l2 H uptake in the lungs was measured in 
a y counter and expressed as a % of injected dose per gram 
(ID/g) (5). Catalase protection experiments were performed 
as described (5) by perfusing IPL for 1 hr with 45 ml of 
KRB/BSA containing 100 ug of catalase conjugated with 
either mouse IgG (IeG/Cat) or anti-PECAM mAb 62 (and- ' 
PECAM/Cat). Control lungs were perfused with KRB/BSA. 
The nonbound materia! was eliminated by nonrecirculating 
perfusion of KftB/BSA for $ min, and lungs were again 
perfused in a recirculating manner for 1 hr with KRB/BSA 
containing 5 mM H^CK. Lungs were rinsed with saline and 
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gently blotted with a filter paper, and wet weight was deter- 
mined. Thereafter lungs were dried and weighed to determine 
wer/dry lung weight coefficient. 

In Vivo Injection of Radiolabeled Antibodies and Conju- 
gates. Biodistribution of 1:5 I-labeled antibodies and conjugates 
in intact animals was studied as described (1). One hour after 
injection of 12 ^I-labeled preparations into the tail vein in 
anesthetized Sprague-Dawley rats or BALB/c male mice, 
animals were sacrificed, internal organs were harvested and 
rinsed with saline, and the l25 I in tissues and in blood was 
determined in a y counter. 

RESULTS 

Streptavidfn Facilitates Intracellular Uptake of b-Anti- 
PECAM-1 Antibodies. HUVEC EAhy g:r „ and REN/PECAM 
cells expressed PECAM-1 predominantly at the intercellular 
junctions (Fig. \A) and possessed a verv high binding capacity 
for '- 5 I-anti-PECAM. In HUVEC Scatchard analysis revealed 
that *C d was 10 nM for mAb 62 (B mitx = 1 .5 x I0 h 'pcr cell) and 
250-350 nM for the polyclonal Ab Houston (B milJi = 5-S x 10° 
per cell), Neither biotinylation nor conjugation with SA altered 
the K d of [ ,:5 IJanti-PECAM binding lo HUVEC or REN/ 
PECAM cells at 4*C (data not shown), 

Despite high binding levels, a number of lines of evidence 
showed ihat PECAM-cxprcssing cells internalized very small 
amounts (<i0%) of bound <mti-PECAM, First, binding of 
! ~l-anti-PECAM to cells at 37°C did not exceed that at 4°C 
For example, in REN/PECAM cells, uptake of '-I-mAb 62 
was 6.9 ±0.4ngperweilat4°Cvs.6-0 ± 0-3 nnperwellat37*C 
Second, glycine buffer elutcd Si ± 12% of '-I from cells after 




Fig. 1 . SA facilitates internalization of biotinylated anti-PECAM- 
EAhy926 cells were incubated for 90 min with either b-Ab Houston (A 
and B) or b-Ab Houston conjugated with streptavidin (C and D) at 4 A C 
{A and C) or at 3TC {B and D), After washing, fixation, and 
permeabilization, cells were stained with fluorescein isothiocyanate- 
labclcd antibody against rabbit TgG- Note granular intracellular flu- 
orescence in rhc cells incubated with b-am>PECAM/5A {p. arrow): 
in^4.3. and Cthc fluorescent signal is localized on the cellular surface 
at cell-cell borders (arrows). 
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FtG. 2. SA stimulates the cellular uptake of biotinvlatcd I-anti- 
PECAM. REN/PECAM cells were incubated for 90 min at 37°C with 
l2j I-b-mAb 62 or t:5 I-b-mAb 62/SA. After washing. 1 in the surface 
fraction (filled burs) and cell lysatc? (open bars) in ihc cells was 
determined (mean r SD, n = 3). 

90 min of incubation with i:5 NmAb 62 at 37 C C. a value almost 
identical to l25 Ieluted after 90 min of incubation with '^l-mAb 
62 at 4°C (84 ± 15%). Third. anti-PECAM mAb incubated 
with cells for 90 min at cither 37°C or 4 B C showed clear 
localization to the plasma membrane with minimal cytoplas- 
mic staining (Fig. 1 A and 5). Poor internalization was seen 
with all PECAM antibodies in cell types tested. Biotinylation 
did not alter internalization of anti-PECAM by PECAM- 
expressing cells (data not shown). 

In contrast, SA markedly stimulated the uptake at 37°C of 
b- l2 *I-mAb 62 by REN/PECAM cells (from 42 ± 2 to 102 ± 



1 1 ng per well) and hy HUVEC (from 16.2 ± 0,5 to 114.1 ± 
5.3 ng per well) and stimulated the uptake of b-'^I-Ab 
Houston by HUVEC (data nor shown). SA had no effect on 
the uptake of b- l2S I-IgG by cells (e.g.. 0.62 i 0.1 and 0.61 ± 
0.1 ng per well for b- i:5 I-IsG and b-'-I-TeG/SA in EAhvm,-, 
cells). 

SA also markedly facilitated b- 1 - J-anti-PECAM internal- 
ization by the target cells. In REN/PECAM cells, only 13 ± 
10% of cell-bound b- 125 I-mAb 62/SA was accessible for elu- 
tion by glycine buffer (Fig, 2), indicating that 85-90% of 
antibody was internalized. SA caused 85-95^ internalization 
of b- 125 i-mAb 62 by HTJVEC and 80-95^ internalization of 
b- IZ5 I-mAb 4G6 and b-'^I-Ab Houston in all PECAM- 
expressing cells, SAhad no effect on internalization of nonbio- 
ttnylated anti-PECAM, nor did b-'-'i-IgG (data not shown). 

Fig. 1 shows confocal microscope images of EAhy y2 ri cells 
incubated for 90 min with b-Ab Houston and b-Ab Hous- 
ton/SA conjugate at 4°C or -37*0 Staining of the fixed 
permeabilized cells with fluorescein isothiocyanate- labeled 
secondary antibody revealed surface (cell-cell) localization of 
both b-anti-PECAM and b-anti-PECA M/SA at 4°C. Although 
cellular distribution of b-anti-PECAM at 37*C did not differ 
markedly from that at 4°C b-anti-PECAM/SA accumulated 
intracellularly at 37°C- Similar results were reproduced in 
HUVEC and in REN/PECAM cells with b-mAb 62 and Ab 
Houston (data not shown). 

Fig, 3 shows transmission electron microscopic images of the 
cellular uptake of b-ferritin conjugated with b-mAb 62/SA or 
with b-IgG/SA. After 1 hr of incubation at 37°C. anti- 
PECAM/SA/ferririn was localized predominantly in the sites 
of intercellular contacts (Fig. 3D) and in the invaginations of 
the plasma membrane packed with the conjugate (Fig. 3£). 




Fic. 3. Uptake of b-ferritin conjugated with b-mAb 62/SA by endothelial cells. HUVEC were incubated with b"IgC/SA/b-fcrririn {A— C) or 
b-roAb 62/SA/b -ferritin (0-F) for 60 min {A. B. D. and E) or 120 min (C and F) at 37°C fixed, and processed for electron microscopy. *. ferritin; 
arrowheads, the plasma membrane; Nu, nucleus: Ex. extracellular space; small arrows in A and D. the intracellular contact: large open arrows in 
D. cell-associated ferritin conjugate; large closed arrow in E, direction of the conjugate uptake; small open arrows in E. microvcsiclcs associated 
with large invagination of the plasma membrane. 
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After 2 hr of incubation at 37°C the conjugate was found 
prcdtiminamly in large intracellular vacuoles (Fig,* 3F). 
•A-licrciis the plasma membrane appeared to be cleared of the 
conjugate. Fig. 3A-C show that there was no detectable uptake 
of JgG/SA/ferritin. 

Strcptavidin did not alter the rate of b-anti-PECAM deg- 
radation by cells. For example, only 1.9 ± 0-7% or 0.7 ± 0.2% 
or" trichloroacetic acid-soluble '-I was detected in cell lysates 
uftcr incubation of b-'-I-mAb 62 or b- ,25 I-mAb 62/SA with 
REN/PECAM cells for 90 min at 37 a C, Trichloroacetic acid- 
soluble '-"'I in the cell medium after incubation did not exceed 
2 r < in cither case. Similar results were obtained in HU V'EC 
(data not shown). Thus, the rate of cellular degradation of 
h- ,:;; I-mAb 62/SA was slow, despite its effective" internal Na- 
tion. 

The Effect of SA on Internalization of Biotioylated Anti- 
bodies Is Generalizable and Does Not Depend on the Intra- 
cellular Domain of PECAM or on the RGD Domain of SA. We 

also studied the effect of"SA on internalization of b-rnAb 1045, 
an antibody against thrombomodulin that is poorlv internal- 
ized by HUVEC (8). Like our results with PECAM-L we 
found that SA stimulated internalization from 20.5 ± 8.3% for 
nonconjugated b- i:5 I-mAb 1045 to 92 ± 7% for b-'-I-mAb 
1045/SA. This result implies that the effect of SA is not specific 
for PECAM-1. 

To determine whether the PECaM-1 intracellular domain 
was involved in the internalization of anti-PECAM/SA, we 
compared the uptake and internalization of b- ,M I-mAb 62/SA 
by REN cells transfected with full-length PECAM-1 or a 
truncated mutant form of PECAM-1 lacking the intracellular 
domain. Internalization of ,:i! I-anti-PECAM/SA was equally 
effective in both cell types («=95%), indicating that the intra- 
cellular domain of PECAM-1 is not important for the $A- 
facilitated uptake of anti-PECAM. 
We compared the effects of SA. a neutral tetramcric biotin- 
. binding protein possessing an RCD-likc sequence (R YD), and 
neutravidin, a neutral derivative of the tetrameric biotin- 
binding protein avidin that lacks its RYD domain. Both 
proteins stimulated uptake and binding of 125 I-anti-PECAM to 
a similar extent (data not shown), thus Indicating that the RYD 
domain of SA is not important for the SA-facilitated intracel- 
lular delivery of anti-PECAM. 

To determine whether binding/uptake of anti-PECAM/SA 
conjugate activated nonspecific fluid-phase uptake of proteins, 
wc incubated REN/PECAM cells with IZ5 I-albumin in the 
presence or absence of nonlabcled anti-PECAM/SA for SO 
min at 37 e C In control cells, cellular uptake of i:5 I-albumin ■ 
was 104 ± 19 pg per well, with internalization of 69 ± 20% of 
|:5 L Neither anti-PECAM/SA nor IgG/S A stimulated cellular 
uptake (96 ± 18 and 89 i 6 pg per well) or internalization of 
^I-albumin (44 ± 9% and 62 i 17%). 

SA Facilitates Targeting of Bio tin via ted Anti-PECAM to the 
Pulmonary Vascular Endothelium, In rat lungs stained with 
anti-PECAM-1 mAb 62, we found intense staining of endo- 
thelium in the large and small vessels (data not shown), in good 
agreement with our previous results with the polyclonal anti- 
body Houston (12). We next determined the pulmonary 
uptake of ! ^I-anti-PECAM in rat IPL. Although pulmonary 
uptake of 125 f-tnAb 62 in the TPL was 5-fold higher than that 
of control ,:5 MgG (2.3 ± 02 vs. 0.5 ± 02% of ID/g), uptake 
of u T-anti-PECAM in the IPL was an order of magnitude 
lower than that of 1 25 I-anti- ACE (21 ± 3% ID/g), In intact rat 
experiments. 125 I-raAb 62 displayed no specific pulmonary 
targeting after injection (3.6 ± LI vs. 43 ± 0.7% ID/g for 
u T-IgG). Thus, despite high levels of PECAM expression in • 
the pulmonary vasculature. anti-PECAM displayed poor tar- 
geting potential. 

Because SA stimulated cellular binding and internalization 
of b-anti-PECAM in cell culture, we studied the pulmonary 
uptake of b- t: *I-anti-PECAM/SA in intact animals, In con- 
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Fig. 4. Pulmonary targeting of b-'-'I-anti-PECAM/SA in vfco. 
(A) Rats were injected via rail vein with ,1<: I-b-IgG (filled bars) or 
^I-b-ami-PECAM (open bars) either conjugated with strcptavidin 
(+) or without streptavidin (-), (5) Rats were injected with b- l25 I- 
anti-PECAM/SA via the t&il vein {filled bars) or via the left ventricle 
(open bars). One hour after injection, rats were sacrificed, and 1:5 1 in 
the tissues was determined (mean ± SD, n = 5), 

trast to the low uptake of unconjugated b- 135 I-mAb 62 (3.6 ± 
1-1% ID/g). pulmonary uptake was 14.2 2: 3.0% ID/g 1 hr 
after i.v, injection of b- ,25 I-mAb 62/SA in rats (Fig, 44). 
Facilitation of the targeting of b-anii-PECAM was specific, 
. because SA reduced pulmonary uptake of b- 12S MnG (2,1 + 
1.196 for b- 125 I-IgG/SA vs. 4.3 ± 0.1% ID/g for b- l25 I-IgG), 
SA conjugation reduced the blood levels of both b-IgG and 
b-mAb 62 in rats. Thus, the lung/blood ratio of b- 125 I-mAb 
62/SA was 25.9 ± 4.8. vs. 1.3 ± 0.6 for b- ,35 I-IgG/SA. The 
Stimulation of pulmonary uptake was reproduced in mice by 
using the rat and-mouse PECAM b-mAb 390: the pulmonary 
uptake of b- ,25 I-mAb 390/SA was 30 r 6% ID/g v S . 4.9 r 
0.4% ID/g forb- ,25 I-lgG/SA- SA reduced the pulmonary level 
of b- l25 I-IgQ by 50% in mice, thus confirming the specificity of 
anti-PECAM/SA targeting. 

To exclude the role of blood in the pulmonary targeting, we 
tested the uptake of b-anti-PECAM/SA in IPL perfused with 
blood-free buffer. SA caused 20*fold stimulation of the pul- 
monary uptake of b- i:5 I-mAb 62 (39 ± 3.1% ID/g) and 
b-'*I-Ab Houston (53-1 ± 9.35 ID/g) with no effect on 
b- 135 I-IgG (0.6 + 0.1% ID/e) or nonbiotinylated ,3S I-anti- 
PECAM (2,3+0.3% ID/g) ~Both in IPL and in intact rats, 
neutravidin stimulated pulmonary uptake of b- ,:5 I-raAb 62 to 
the same extent as Sa (data not shown). 

Fig. AB shows the distribution of b- 125 I-mAb 62/SA after 
intravenous or intraarterial injection in rats. Both routes of 
administration provided high pulmonary uptake of the con- 
jugate, implying that pulmonary targeting is not caused by 
mechanical retention of anti-PECAM/SA in capillaries, Be- 
cause the injected dose (less than J Mg/kg) was below satura- 
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tion. a first passage phenomenon contributed to the conjugate 
distribution in the organs. Thus, intraanerially injected b- T:? I- 
mAb 62/SA displayed higher cardiac and renal uptake and 
lower pulmonary, hepatic, and splenic uptake. 

Atili-PECAM/SA/b-Catalase Accumulates Intracellular!? 
in Endothelial Cells and Protects from H 2 0 2 -Mediated Injury 
in Cell Culture. To evaluate b-anti-PECAM/SA as a carrier 
for endothelial targeting of drugs, we conjugated it with 
b-catalase and studied the uptake and activity of b-anti- 
PECAM/SA/ b- cat aiase in vitro. The b-mAb 62/SA/b- 
catalase, but not b-IgG/SA/b-catalase. specifically bound in 
the PECAM-coated wells (Fig. 5) and degraded HiO: in the 
wells (Fig. 5 Inset). Whereas b-IgG/$A/b- 135 I-catalase did not 
bind to HUVEC (1 J ± 0.1 ng per well), both b-mAb 62/SA 
or b-Ab Houston/SA provided high-level binding of b- i:5 I- 
cacalase (67.2 ± 2.9 and 184.5 = 0.3 ng per well). HUVEC 
internalized >90% of b-anti-PECAM/SA/b- ,:? I-catalase, 
whereas degradation of internalized catalase did not exceed 
5%. The antibody<onjug3ted catalase was not degraded and 
then secreted, because only 5.6 ± 1.2% of TCA-soIuble ,25 I\vas 
detected in the ceil medium after 90 min of incubation of 
b-mAb 62/SA/V- 3 I-catala$e at 37°C in HUVEC. In REN/ 
PECAM cells, the intracellular uptake of anti-PECAM/ l25 I- 
catalasc was 195 ^ 8 ng per well (vs. 5.5 £ 0-5 ng per well for 
Igp/catalase). with internalization of the cell-bound 
125 I-catala$e. in EAhyu> cells, internalization of b-Ab Hous- 
ton/SA/b- j:5 l-catalasc was 7S,1 ± 3.3%. 

To determine whether the conjugate could protect cultured 
cells from H^O^ induced injury. HUVEC were labeled with 
51 Cr, incub3ted for 1 hr at 37" with b-mAb 62/SA/b-catalase 
or b-IgG/SA/b-catalase, washed, and exposed to 2 mM H;Or 
for 6 hr. H : 0 : induced 14.5 ± 13% and 15.1 ± 1.3% release 
of 5l Cr from HUVEC treated with either b-mAb 62/SA/b- 
catalase or b-Ab Houston /SA/b-catalase, vs. 56.) ± 5J% of 
5j Cr released from cells treated with b-IgG/SA/b-caraiase. In 
control cells, H&z caused 73 ± 33% release of ?, Cr, After 
subtraction of the level of spontaneous 5I Cr release from 
control ceils not treated with H2O2 (10,9 i 0.6%). anti- 
PECAM/catalasc afforded a 9\% reduction of - <T Cr release. 
Thus. anti-PECAM/SA/b-catalasc protected cells against ox- 
idative injury by H Z CK whereas b-TgG/SA/b-catalase pro- 
vided no significant protection. 

Aati-PECAM/SA/b-Catalase Accumulates in the Lungs 
and Protects from HjCh-Mediated Injury in the Lung, To test 
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FrG. 5, Functional activity of b-unti-PECAM/SA/b-catalasc com- 
plex. Ten micrograms of b-mAb 62/SA/b- ,:5 r-catalase (open bars) or 
b-IgG/SA/b- l25 I-caialase (filled bars) were incubated for I hr in wells 
coated with PECAM-1 or BSA. After washing. '-I in the wells was 
determined, (laser) Wells coated with BSA (OJ or PECAM (■) were 
incubated with 20 of b-niAb 62/SA/b-ca[aIasc for X he. After 
washing. 10 roM U2O2 was added to' the well? and its decay was 
determined. 



the ability of anti-PECAM/SA to deliver an active drug to the 
pulmonary endothelium. b-anii-PECAM/SA/b- f3? I-caralase 
or b-IgG/SA/b- l2ii I-catalase were injected intravenously into 
intact animals. In rats. b-mAb 62/SA/b-'- I-catalase specifi- 
cally accumulated in rat lungs after intravenous injection, with 
lung/blood ratio in rats 39.S ± 4,1 for b-mAb 62/SA/b J25 I- 
catalasc vs. l.l ± 0.2 for h-IgG/SA/b- i:5 I-catalase (Fig. 6). 
Similar results were seen in mice, with lunc/blood ratio equal 
to 7.5 ± 1.1 for b-mAb 390/$A/b-'- ? I-catafase v 5 . 0.6 £ 0, i for 
b-IgG/$A/b- i:5 I^catalase, 

Finally, based on these results, wc examined the ability of 
b-mAb 62/SA/b-catalase to protect the lung against intravas- 
cular oxidative insult. In the first experiment, we determined 
that the uptake of b-mAb 62/SA/b- I2i: I-caialasc and b-lgG/ 
SA/b-'-I-catalase in IPLwas 37.3 ± 4.4% vs. 2.1 r 0.2% ID/g 
(1-hr perfusion). In the second experiment, we used perfusion 
of 5 mM HjOs in IPL, an intervention that causes lung injury 
causing elevation of the lung w.ex/dry ratio, reflecting lung 
edema (5). TPL were first perfused for 1 hr with 100 ug of 
b-mAb 62/SA/b-catalase. b-lgG/SA/b-catalase. or buffer 
alone. After elimination of nonbound material, lungs were 
further perfused with 5 mM H2O1 for 60 min. In IPL treated 
with b-IgG/SA/b-catalase. the wet/dry weight ratio (8.1 t. 
0-7) was markedly higher (P < 0.001) than that in the control 
lungs not treated with H 2 0 2 (5.1 r 0.2), indicating lack of 
protection against H2O2. In contrast, in IPL treated with 
b-mAb 62/SA/b-catalase. the wet/dry weight ratio remained 
normal (5.5 ± 0.1), thus indicating protection of the lung 
against HsOz-induced oxidative vascular injury. 

DISCUSSION 

The two major goals of most drug delivery strategies arc 
recognition of specific cells in the body and effective intracel- 
lular delivery. Our results demonstrate that SA conjugation to 
biotinylatcd antibodies can convert antibodies with relatively 
poor targeting potential to very effective carriers for vascular 
immunotargeting. 

SA, avid in, and its derivative, neutravidin. are tetcamcric 60- 
to 66-kDa proteins possessing four high-affinity binding sites 
for biotin or biotinylated compounds (IS). The SA-biotin 
crossiinking pair is useful for chemical conjugation of biomol- 
eculcs, SA is nontoxic and does not cause harmful reactions in 
laboratory animals or in humans (19). SA-biotin crosslinkers 
have recently been used In vhv for targeting of drugs : toxins, 
radiolabels. and genetic material (19-21). It has been noted 
that biotinylation may reduce the affinity of antibodies (22) 
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Fio, 6, Pulmonary targeting of b-anti-PECAM/5A/b- 12;r I- 
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and that SA accelerates elimination of biocinylated antibodies 
from the bloodstream (23) and may hinder interaction of 
biotinylated enzymes with their substrates (16), In the present 
study, we did not observe changes in the biological behavior of 
b-anti-PECAM with regard to binding to immobilized antigen 
or uptake by PECAM-expressing cells. However, we found 
that SA caused dramatic stimulation of cellular binding, in- 
ternalization, and pulmonary targeting of biotinylated anti- 
bodies. 

The pulmonary targeting cannot be explained by mechanical 
retention of large complexes in the pulmonary capillaries 
because: (/) b-IgG/SA conjugates do not accumulate in the 
lungs; (z7) SA stimulates specific uptake of b-anti-PECAM in 
cell cultures; and (m) both intravenous and intraarterial ad- 
ministration of b-anti-PECAM/SA provide pulmonary target- 
ing- Thus, facilitation of the cellular uptake (i.e.. binding and 
internalization) of b-anti-FECAM by SA is likely the mecha- 
nism for the pulmonary targeting. Because PECAM is ex- 
pressed by normal endothelium in various vascular areas, an 
anti-PECAM/SA carrier may be useful for drug delivery to 
endothelium in various organs, depending on the route and 
mode of administration. 

Importantly, conjugates escaped massive intracellular deg- 
radation, thus allowing the successful intracellular delivery of 
an active antioxidant enzyme, catalasc, in our cell culture 
models. Our animal studies confirm the potential therapeutic 
applicability of this approach, although the final (intra)cellular 
destination of the conjugates in animal models needs to be 
addressed more precisely. The strategy of targeting of enzymes 
such as catalasc or superoxide dismutasc maybe useful for the 
cell-specific augmentation of antioxidant defense in the pul- 
monary endothelium and protection against oxidative insults 
such as the adult respiratory distress syndrome or other disease 
conditions associated with or manifested by oxidative endo- 
thelial injury (24), 

The exact mechanisms of how SA affects the targeting, 
celluiar uptake, and intracellujar trafficking of biotinylated 
anti-PECAM have yet to be determined. Neither the cyto- 
plasmic domain of PECAM nor an RGD-like domain on SA 
plays an important role in cellular uptake of b-anti-PECAM/ 
SA. Preliminary studies suggest that the size of the b-anti- 
PECAM/SA complex is an important determinant for the 
cellular uptake, and ^ favor a mechanism that involves a 
phagocyte-like uptake of complexes in large vacuoles (see fig. 
3F) in* which proteins seem to be protected, at least initially, 
from rapid degradation. 

The targeting strategy we have described here will likely be - 
applicable to a wide range of therapeutic or experimental 
compounds and agents. For example, in addition to delivery of 
antioxidant enzymes, we have found that conjugation of 
biotinylated glucose oxidase to anti-PECAM/SA provides 
specific targeting of activer biotinylated glucose oxidase to . 
FECAM-l-expressing cells resulting in intracellular genera- 
tion of H2O2 and severe oxidative stress in endothelial cells in 
culture, in perfused rat lungs, and in intact mice. Another 
potential use of the strategy described in the present paper 
could be vascular gene therapy. In preliminary experiments, 
we have found that b-anti-PECAM/SA/DNA conjugates spe- 
cifically bind to REN/PECAM cells and result in 90% inter- 
nalization of radiolabeled DNA, allowing transfection of the 
target cells. 

In the wider context of general strategics for drug delivery, 
our results suggest that SA conjugation of an otherwise poorly 
internalizable/targctable antibody could convert it to a highly 
intcmalizable/targetable carrier. This observation thus serves 
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as a paradigm for a novel drug targeting strategy. Although we 
have focused on the anti-PECAM antibodies in this study, 
SA-mediated internalization of biotinylated mAb 1045 against 
thrombomodulin indicates that this effect is not limited to 
PECAM antibodies. Moreover, effective internalization of 
anti-PECAM/SA by nonendotheliai cells transfected with 
PECAM (REN mesothelioma cells) implies that the strategy 
described in the present paper may be applicable to a wide 
variety of target cells that could include tumor cells or HIV- 
infected cells. 

We thank Dr. M. Nakada (Centocor) for supplying antibody mAb 
62 and Dr. P. NewroanXBlood Center of Southwest Wisconsin) for the 
gift of purified soluble PECAM- 1. This work was supported by the 
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Injury from National Institutes of Health Heart, Lung, and Blood 
Institute (HL 60290 Project 4 to V,R,M, and S.M.A.). 
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Characterization of Endothelial Internalization 
and Targeting of Antibody-Enzyme Conjugates 
in Cell Cultures and in Laboratory Animals 
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Summary 

Streptavidin-biotin conjugates of enzymes with carrier antibodies provide a versatile means 
for targeting selected cellular populations in cell cultures and in vivo. Both specific delivery to 
cells and proper subcellular addressing of enzyme cargoes are important parameters of target- 
ing. This chapter describes methodologies for evaluating the binding and internalization of 
labeled conjugates directed to endothelial surface adhesion molecules in cell cultures using 
anti-intercellular adhesion molecule/catalase or antiplatelet endothelial cell adhesion molecule/ 
catalase conjugates as examples. It also describes protocols for characterization of 
biodistribution and pulmonary targeting of radiolabeled conjugates in rats using anti-intercel- 
lular adhesion molecule/tPA conjugates as an example. The experimental procedures, results, 
and notes provided may help in investigations of vascular immunotargeting of reporter, experi- 
mental, diagnostic, or therapeutic enzymes to endothelial and, perhaps, other cell types, both in 
vitro and in vivo. 

Key Words: Endothelium; cell adhesion molecules; catalase; plasminogen activators; lung 
targeting. 

1. Introduction 

Streptavidin crosslinking of reporter and therapeutic enzymes with antibod- 
ies to endothelial cell adhesion molecules provides nanoscale conjugates use- 
ful for experimental and, perhaps, diagnostic or therapeutic vascular 
immunotargeting (see Chapter 1 and refs. 1-3). Binding and appropriate sub- 
cellular addressing of antibody-enzyme conjugates to and/or into the target 
cells are key components for optimal design of drug-delivery systems. The 
size of the conjugates is an important parameter that determines the rate of 
intracellular uptake and, perhaps, subcellular trafficking of the conjugates (4,5). 

From: Methods in Molecular Biology, vol. 283: Bioconjugation Protocols: Strategies and Methods 
Edited by: C. M. Niemeyer © Humana Press Inc., Totowa, NJ 
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This chapter outlines basic experimental protocols useful in the character- 
ization of these relevant conjugates parameters. The first part (Subheading 
3.1.) describes protocols for cell culture experiments that use fluorescent and 
radioisotope labeling as means to trace binding, internalization, and fate of 
anti-platelet endothelial cell adhesion molecule (PECAM)/catalase and anti- 
intercellular adhesion molecule (ICAM)/catalase conjugates. The second part 
(Subheading 3.2.) describes protocols for in vivo experiments in intact anes- 
thetized rats using anti-ICAM/tissue-type plasminogen activator (tPA) conju- 
gate labeled with radioisotopes. Thus, particular immunoconjugates described 
in this chapter are potentially useful for vascular targeting of either antioxidant 
(e.g., catalase to detoxify H 2 0 2 , ref. 6) or antithrombotic enzymes (e.g., tPA to 
dissolve fibrin, ref. 3). However, because of the modular nature of the conju- 
gation and labeling procedures used, the described protocols can be used for 
the characterization of endothelial targeting and uptake of diverse reporter and 
therapeutic enzyme cargoes conjugated with a variety of carrier antibodies (7). 
Furthermore, cell culture protocols given here for endothelial cells can be 
applied to other cell types of interest. 

2. Materials 

2.1. Equipment 

1. Gamma-counter. 

2. Fluorescence microscope equipped with x40 or x60 magnification objectives; 
filters compatible with fluorescein isothiocyanate (FITC; green), Texas Red (red), 
and UV or Alexa Fluor 350 (blue) fluorescence; digital camera; and image analy- 
sis software (ImagePro). 

2.2. Reagents, Proteins, and Antibodies 

1. Standard phosphate buffer, PBS, (NaH 2 P0 4 20 mM, 150 mM NaCl, pH 7.4). 

2. Glycine solution (50 mM glycine, 100 mM NaCl, pH 2.5) is used for elution of 
conjugates or antibodies bound to antigen expressed in the cells. 

3. Lysis buffer (PBS containing 2% Triton X-100) is used to lyse cells and differenti- 
ate the internalized from the surface retained fractions of conjugates or antibodies. 

4. PBS containing 5% bovine serum albumin (PBS-BSA) is used to increase the 
protein content in the analysis of free iodine label released from damaged 
proteins. 

5. PBS containing 10% fetal bovine serum (PBS-FBS) is used to block the unspe- 
cific binding of conjugates or antibodies to the cells while providing the cell 
necessary nutrients. 

6. Antibodies: human anti-ICAM-1 (MAb R6.5) or rat anti-ICAM-1 (MAb 1A29); 
human anti-PECAM-1 (MAb 62); and goat anti-mouse IgG conjugated to FITC, 
Texas Red, or Alexa Fluor 350. 
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7. Other reagents: Concentrated (100% w/v) trichloroacetic acid solution (TCA); 
goat serum; FITC-labeled streptavidin; tPA; catalase; paraformaldehyde; mowiol; 
[ l25 ]iodine. 

2.3. Immunoconjugates 

125 I-labeled and nonlabeled immunoconjugates synthesized and character- 
ized by dynamic light scattering as described in Chapter 1 , where radioisotope 
is coupled to the cargo enzyme, not the carrier antibody, were used. In some 
cases, anti-ICAM/catalase conjugates based on FITC-labeled polymer were 
used (4,5). 

2.4. Cells and Media 

1. Human umbilical vein endothelial cells (HUVECs, Clonetics). 

2. Endothelial cell growth medium (see Chapter 1 for details on medium composi- 
tion) free of antibiotics. 

3. Methods 

3.1. Characterization of Immunoconjugates in Cell Culture 

3.1.1. Quantitative Tracing of Radiolabeled Conjugates in HUVECs 

1. Seed the cells in 24-well plates. Cultivate to confluence (approx 48 h) in the 
appropriate medium. Replace by fresh antibiotic-free medium 24 h before the 
experiment. 

2. Wash cells twice by warm (37°C) culture medium. Add 0.5 (ig to 1 (ig of conju- 
gate per well (i.e., specific activity 0.03 nCi/H-g t0 0- 1 M- Cl /M-g) m 0-5 mL of 
medium supplemented with 10% FBS. Incubate cells for 1-2 h at 37°C in the 
presence of the immunoconjugates. 

3. Wash cells three times by medium to remove nonbound conjugates. Incubate 
cells with a glycine solution (15 min, room temperature [RT]) to elute 
noninternalized immunoconjugates bound to the cell surface. Using a gamma- 
counter, determine radioactivity in glycine-eluted fraction (see Note 5). 

4. Wash cells three times by medium and incubate them for 1 5 min at RT with 0.5 mL 
of lysis buffer. Add 0.1 mL of the obtained cell lysates to 0.5 mL of PBS-BSA 
and sequentially add 0.2 mL of TCA and incubate 20 min at RT to precipitate 
proteins. Centrifuge TCA-lysate mixture (3000g, 10 min) and determine radio- 
activity in pellet and supernatant fractions. 

5. Determine protein concentration in a fraction of cell lysates to normalize radio- 
activity values in samples per gram of total ceil protein. Relative and absolute 
binding, internalization, and/or degradation of the immunoconjugates can be cal- 
culated as follows: 



cpm in glycine fraction + cpm in lysate pellet fraction + cpm in lysate supernatant fraction 
Total binding — 



specific activity (cpm/ng of conjugate) 
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cpm in lysate fraction 

Internalization percentage (if applicable) = J 00 x 

cpm in lysate fraction + cpm in glycine- eluted fraction 

cpm in lysate fraction 

Total internalization (if applicable) = 

specific activity (cpm/ng of conjugate) 

cpm in supernatant fraction 
Degradation percentage -100 x 

cpm in glycine + cpm in lysate supernatant + cpm in lysate pellet fractions 

cpm supernatant fraction 

Total degradation = 

specific activity (cpm/ng of conjugate) 

3.1.2. Subcellular Detection of Immunoconjugates by Immunofluorescence 

3.1 .2.1 . Binding of Immunoconjugates to Target Cells 

1. Seed the cells onto 12-mm 2 glass coverslips coated with 1% gelatin in 24-well 
plates. Allow cells to gTow for 48 h to confluence (Note 2). Replace medium by 
fresh antibiotic-free medium 24 h before the experiment. Incubate cells for 5 min 
at 4°C before the experiment. Wash cells twice and replace by medium contain- 
ing 10% FBS and a conjugate (1-1 .5 \ig of per well). Incubate cells for 30 min at 
4°C to permit binding. 

2. Wash cells three times with cold medium to eliminate nonbound conjugates. Fix 
cell by a cold solution 2% paraformaldehyde in PBS (15 min) (Note 3). 

3. Wash cells three times with PBS and stain surface-bound conjugates by incubat- 
ing fixed cells for 30 min at RT with a 4 |ig/mL solution of Texas Red-labeled 
goat anti-mouse IgG in PBS -FBS (alternatively, use fluorescently labeled anti- 
bodies against the enzyme cargo) (Note 1). Wash cells three times with PBS. 

4. Mount cell-containing coverslips on glass microscope slides using mowiol and 
incubate overnight at RT to allow the mounting media to polymerize. Observe 
samples by fluorescence microscopy using x40 or x60 objectives. Compare images 
of fluorescence and phase-contrast fields to confirm location of the immuno- 
conjugate to the cell surface. 

3.1 .2.2. Internalization of Immunoconjugates Into Target Cells 

1. Seed and grow cells to confluence as described in Subheading 3.1.2.1. 

2. Wash cells twice with 37°C prewarmed medium and add immunoconjugate and 
incubate with cells for 1 h at 37°C to permit binding and internalization. Fix cells 
and stain surface-bound conjugates as described in Subheading 3.1.2.1. 

3. Wash cells three times with PBS and permeabilize them by 15-min incubation 
with a cold solution 0.2% Triton X-100 in PBS. Stain internalized conjugates by 
incubating permeabilized ceils with FITC-labeled goat anti-mouse IgG (4 jig/mL 
in PBS serum). 

4. Wash cells and mount coverslips on microscope slides as described in Subhead- 
ing 3.1.2.1. 
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5. Take images using filters compatible with Texas Red (red) and FITC (green) in a 
fluorescence microscope (x40 or x60 objective) and merge them. Surface-bound 
conjugates will appear yellow (double-labeled), whereas internalized conjugates 
will be single-labeled in green. Imaging software can be programmed to quantify 
relative conjugate internalization, following the formula: 

(number of green conjugates - number of red conjugates) 
Internalization percentage = 100 x 

number of green conjugates 

3.1 .2.3. Fate of Intracellularly Delivered Immunoconjucates 

1. For this type of experiments, use fluorescently labeled conjugates (i.e., based on 
FITC-labeled nondegradable polymer beads; see Note 4) prepared as previously 
described in detail (4,5). First, incubate cells in the presence of conjugates at 4°C 
to permit binding to the cell surface. Then, wash nonbound immunoconjugates 
with cold medium, add FBS -supplemented medium, and incubate cells for the 
time period of interest at 37 °C to permit endocytosis and intracellular trafficking 
of the immunoconjugates previously bound to the cell surface. 

2. Wash and fix cells as in Subheading 3.1.2.1. followed by staining of the 
noninternalized conjugates for 30 min at RT with a solution 4 \ig/mL goat anti- 
mouse IgG (i.e., labeled with Alexa Fluor 350) in PBS serum. 

3. Wash the preparations three times with PBS and permeabilize cells for 15 min 
with a cold solution 0.2 % Triton X-100 in PBS. Incubate permeabilized cells 
with a solution 4 |ig/mL goat anti-mouse IgG (i.e., labeled with Texas Red) in 
PBS serum. 

4. Wash cells and mount coverslips on microscope slides as described in Subhead- 
ing 3.1.2.1. 

Inspect in a fluorescence microscope using filters compatible with FITC 
(green), Alexa Fluor 350 (blue), and Texas Red (red) and merge images. 
Immunoconjugates bound to the cell surface will appear triple-labeled as white. 
Nondegraded internalized conjugates will appear as double-labeled in yellow, 
whereas internalized counterparts with degraded protein component will be 
single-labeled as green. 

3.2. Characterization of Immunoconjugates In Vivo 

3.2.1. Biodistribution of Radiolabeled Conjugates 
After Intravenous Administration 

1. Anesthetize rats (Sprague-Dawley) weighing 250 g using an intraperitoneal 
injection of 300 uX of Nembutal solution (70 mg/kg of body weight) and wait 
5 min until animals are fully anesthetized (i.e., they do not react to their legs 
being squeezed with forceps). 

2. Inject 125 I-labeled conjugates (approx 1-5 u.g of the conjugate, 100,000-300,000 
cpm per animal) via a tail vein in 0.2 mL of PBS using an insulin syringe with a 
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27. 5 -gage needle. Warming up the tail by using hot water makes the vein more 
visible and easy to inject. 

3. One hour after injection, sacrifice anesthetized animals by dissection of the 
descending aorta, collect 1 mL of blood from the peritoneal cavity, and place it in 
a heparin-containing tube. Excise internal organs, including lung, liver, kidney, 
spleen, and heart; rinse in saline; blot in filter paper; weigh; and analyze for radio- 
activity in a gamma-counter. 

4. Use radiotracing data to calculate the following parameters of conjugates behav- 
ior in vivo (for more information, see refs. 3, 8, and 9); 

a. Percent of injected dose (%ID) characterizes total uptake in a given organ and 
thus it shows biodistribution and effectiveness of the immunoconjugate tar- 
geting. However, this parameter does not take into account organ sizes; thus, 
uptake in the liver (approx 10 g in a rat) might appear far greater than the 
uptake in smaller organs (e.g., lung, -1 g). 

b. To evaluate tissue selectivity of the uptake (and compare the data obtained in 
different animal species, as well as organs with different sizes), calculate %ID 
per gram (%ID/g). 

c. The ratio between %ID/g in an organ of interest and that in blood gives the 
localization ratio (LR) that compensates for a difference in the blood level of 
circulating conjugates and allows comparison of targeting between different 
carriers, which may have different rates of blood clearance. 

d. By dividing the LR of a specific antibody conjugate in an organ by that of the 
control IgG counterpart, calculate the immunospecificity index (ISI = Zi?MAb/ 
£#i g G)> me rat i° between the tissue uptake of immune and nonimmune coun- 
terparts normalized to their blood level. ISI is the most objective parameter of 
the targeting specificity. 

33. Results 

33 A. Characterization of Immunoconjugates in Cell Culture 

3.3.1 .1 . Analysis of Binding and Fate of Radiolabeled Conjugates 

Site-specific binding and degradation of the conjugates by cells was 
determined by measuring 125 I in fractions of glycine elution, TCA pellet, 
and supernatant of cell lysates obtained from HUVECs incubated with 
anti-PECAM/ 125 I-catalase and IgG/ 125 I-catalase conjugates as described 
in Subheading 3.1.1. The sum of the recovered 125 I shows total amount 
of catalase associated with cells and reveals the specificity of binding of 
anti-PECAM conjugates, using as negative control nonspecific IgG con- 
jugates (Fig. 1A). A relatively minor fraction of 125 I was found in the 
supernatant after TCA precipitation of cell lysates, indicating that cata- 
lase undergoes very modest degradation within 1 h of incubation at 37°C 
in endothelial cells (Fig. IB). 
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Fig. 1. Quantitative analysis of binding and degradation of radiolabeled anti- 
PECAM/catalase conjugates in HUVECs. HUVECs were incubated for 90 min at 37°C 
with anti-PECAM/ 125 I-catalase or control IgG counterpart conjugates, washed, and 
lysed to determine the TCA-soluble fraction of cell-bound radioactivity. The absolute 
amount of conjugate in the different fractions is calculated based on its specific activ- 
ity as described in Subheading 3.1.1. 



3.3.1.2. Imaging of Binding, Internalization, and Fate 
of Immunoconjugates by Immunofluorescence 

Figure 2 shows that anti-PECAM/catalase but not IgG/catalase conju- 
gates bind to HUVECs at 4°C, thus confirming the data obtained with 125 I 
tracing (see Fig. 1). Comparison of fluorescence and phase-contrast images 
indicates that anti-PECAM/catalase conjugates are located in the cell peri- 
phery, consistent with the predominant expression of PECAM-1 to the cell 
borders. 

Moreover, in cells incubated for 1 h at 37 °C with anti-PECAM/catalase 
conjugates, only a fraction of the conjugate was labeled before perme- 
abilization by Texas Red-labeled secondary antibody, whereas FITC-labeled 
secondary antibody applied after permeabilization reveals abundant 
immunostaining (Fig. 3A). Single FITC-labeled (green) internalized con- 
jugates are localized in the perinuclear region of the cell, whereas 
noninternalized double-labeled (yellow) conjugates tend to localize to the 
cell periphery. Semiquantitative analysis of double-labeled and single- 
labeled images shows that endothelial cells internalize 50% of cell-bound 
anti-PECAM/catalase conjugates. 
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Fig. 2. Fluorescent detection of binding of anti-PECAM/catalase conjugates to 
HUVECs. HUVECs were incubated for 30 min at 4°C with anti-PECAM/catalase or 
nonspecific IgG conjugates, washed, fixed, and surface-bound anti-PECAM was 
stained with Texas Red goat anti-mouse IgG. The samples were analyzed by phase 
contrast and fluorescence microscopy. The arrows show conjugates bound to the cell 
surface. 



To visualize and estimate degradation of internalized cargoes by fluores- 
cence microscopy, one can retreat to use fluorescently-labeled conjugates, for 
example, based on FITC-labeled synthetic nanobeads used as carriers for both 
targeting antibodies and enzyme cargoes (4,5). The advantage of this carrier is 
that it permits direct tracing of the conjugates in cellular compartments, 
including lysosomes. FITC-labeled regular immunoconjugates can also be used 
for this purpose, (e.g., conjugates containing FITC-streptavidin; see Note 4). 
A pulse-chase incubation (initial incubation 30 min at 4°C followed by removal 
of nonbound conjugates and incubation at 37°C), permits one to separate phases 
of binding, internalization, and intracellular trafficking. After internalization 
and fixation, surface-bound particles are counterstained using goat anti-mouse 
IgG conjugated to Alexa Fluor 350, followed by cell permeabilization and 
incubation with Texas Red-labeled goat anti-mouse IgG. This staining method 
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Fig. 3. Fluorescence microscopy of the uptake of anti-PECAM/catalase conjugates 
by HUVECs. HUVECs were incubated for 1 h at 37°C in the presence of anti-PECAM/ 
catalase conjugates, washed, fixed, and noninternalized conjugates were stained with 
Texas Red-labeled goat anti-mouse IgG, followed by cell permeabilization and stain- 
ing with FITC-labeled goat anti-mouse IgG. A, The arrows show double-labeled con- 
jugates on the cell surface. The arrowheads show single FITC-labeled conjugates, 
internalized within the cell. B, Quantification of the experiment described above, 
expressed as mean and standard error (n = 10 fields, from two independent experi- 
ments). 



(Fig. 4) distinguishes surface-bound (triple-stained, white), as well as internal- 
ized nondegraded (double-stained, yellow) and degraded conjugates (single- 
stained, green). The results of the particular experiment shown in Fig, 4 indicate 
that conjugates are stable within the cell for 1-2 h and degrade 3 h after inter- 
nalization. 
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Fig. 4. Imaging of the stability of anti-ICAM/catalase nanoparticles internalized 
in HUVECs. HUVECs were incubated for 30 min at 4°C in the presence of FITC- 
labeled anti-ICAM/catalase nanoparticles to permit binding of these to the surface 
antigen. Then, nonbound particles were washed and the cells were incubated either 
for 1 h, 2 h, or 3 h at 37°C, to permit internalization and intracellular trafficking of 
the anti-ICAM/catalase particles. After cell fixation, noninternalized particles were 
stained with Alexa Fluor 350 goat anti-mouse IgG. Thereafter, the cells were 
permeabilized and incubated with Texas Red goat anti-mouse IgG. The samples 
were analyzed by fluorescence microscopy. Closed arrowheads show a triple 
FITC+ Alexa Fluor 350+Texas Red-labeled particle, located to the cell surface. Open 
arrowheads show a double FITG+Texas Red-labeled particle, which indicates that 
the targeting antibody was not degraded after internalization within the cell. The 
arrow shows single FITC-labeled particles, indicating that the targeting antibody in 
the internalized particles has been degraded. 
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33.2. Characterization of Immunoconjugates In Vivo 

3.3.2.1. BlODISTRIBUTION AND PULMONARY TARGETING 

of tPA Conjugated With Anti-ICAM 

Experiments with tPA conjugated with an ICAM-1 monoclonal antibody 
illustrate analysis of vascular immunotargeting in vivo. Figure 5A shows com- 
parison of biodistribution of radiolabeled anti-ICAM/ 125 I-tPA conjugate and 
its components, either 125 I-anti-ICAM or 125 I-tPA, 1 h after intravenous injec- 
tion in rats. Anti-ICAM and anti-ICAM/tPA conjugate display preferential 
uptake in the pulmonary vasculature and significant uptake in hepatic and 
splenic vasculature. These highly vascularized organs (especially lungs that 
possess about 30% of endothelial surface in the body) represent privileged 
targets in agreement with the fact that ICAM is constitutively expressed on the 
endothelial surface (10). Nonconjugated tPA shows no pulmonary targeting; 
in fact, its extremely rapid clearance (its half-life in rats is around 1-5 min; 
ref. 11) leads to disappearance of the tracer from blood and major organs within 
1 h after injection. 

3.3.2.2. Comparison of Biodistribution Attained Using Different Injection Routes 

High levels of pulmonary uptake of conjugates directed against pan-endot- 
helial determinants, such as ICAM-1, might be to the result of several reasons: 
(1) an extremely extended endothelial surface in the alveolar capillaries; (2) 
the fact that lung receives 100% of the heart blood output; or (3) the phenom- 
enon of first-pass blood after intravenous injection. Figure 5B shows that 
injection of anti-ICAM/tPA conjugate via the left ventricle, which obviates the 
first pass in the lungs, produces less effective pulmonary targeting, suggesting 
that indeed first-pass phenomenon contributes to the pulmonary targeting. 
However, a high level of pulmonary uptake after left ventricle administration 
confirms the specificity of anti-ICAM conjugates targeting in vivo. 

3.3.2.3. Evaluation of the Targeting Specificity of Immunoconjugates 

Figure 6 illustrates the analysis of immunoconjugates biodistribution and 
targeting in rats 1 h after intravenous injection. A comparison of %ID/g in 
organs reveals that anti-ICAM/tPA conjugate but not IgG/tPA counterpart 
accumulates in the pulmonary vasculature. However, the blood level of anti- 
ICAM/tPA is lower than that of the nonimmune IgG/tPA counterpart, likely 
because of depletion of circulating blood pool by endothelial binding. The LR 
that compensates for differences in blood level reveals very high selectivity of 
anti-ICAM/tPA uptake in highly vascularized organs including liver (LR close 
to 3), spleen (LR exceeds 7), and especially lungs (LR close to 30). Calculation 
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Fig. 5. Biodistribution of immunoconjugates and free components in vivo. Tracer 
amounts of radiolabeled proteins (approx 1 (ig of radioactive material per sample) 
were injected intravascularly in anesthetized rats. After 1 h, animals were sacrificed 
and blood and organs extracted and analyzed for radioactivity. A, 125 I-anti-ICAM 
(black bars) or anti-ICAM/125I-tPA (hatched bars), but not free 125 I-tPA (white bars) 
accumulate in the lung, liver, and spleen after intravenous injection. B, Comparison of 
biodistribution of anti-ICAM/ 125 I-tPA after injections via the tail vein (hatched bars) 
or the left ventricle (black bars). Data are presented as mean ± SD, n = 4-9 animals per 
determination. 
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Fig. 6. Analysis of anti-ICAM/tPA biodistribution in vivo. Radioactivity in organs 
was analyzed 1 h after intravenous injection anti-ICAM/ 125 I-tPA (hatched bars) or 
control nonspecific IgG/ l25 I-tPA (black bars). The data (mean ± SD, n = 4-9) is pre- 
sented as: (A) % ID/g of tissue; (B) LR; and (C) ISL Adapted from ref. 3. 
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of IS I reveals that anti-ICAM/tPA accumulates in the lungs almost 100 times 
higher than IgG/tPA counterpart, thus confirming high specificity of targeting. 

4. Notes 

1 . Uptake and trafficking of immunoconjugates within the target cells can be stud- 
ied by tracing the antibody carrier, the enzymatic cargo, or both moieties. The 
protocols described in Subheadings 3.1.2.1., 3.1.2.2., and 3.1.2.3. trace antibody 
moieties using secondary antibodies against murine IgG. The same protocols can 
be used to trace enzyme cargo, for example, using an antibody to catalase. More- 
over, conjugates directly labeled with a fluorescent probe, such as the ones based 
on fluorescent-labeled nanobeads or streptavidin crosslinker, are optimal because 
they can be visualized without additional staining. There are some specific fac- 
tors that may require adjustment and optimization of the described protocols to 
be applied to particular conjugates and target cells of interest. Some general con- 
siderations are given below. 

2. Many cell types do not adhere well to glass surfaces. Coating covers lips with a 
proadhesive protein (i.e., fibronectin, vitronectin, collagen) before cell seeding 
helps to solve this problem. A 1-h incubation with 1% gelatin solution in PBS 
followed by a 1-h incubation to dry coverslips up is a generic choice. The density 
of seeding of each cell type must be adjusted to reach confluence within the first 
48 h after seeding to avoid repeated division cycles that can lead to detachment. 
For example, optimal density for HUVEC is 7 x 10 4 cell per 24 wells when seeded 
48 h before the experiment. Moreover, cells tend to detach from any substrate at 
4°C; thus, cold incubation should be minimal to permit binding of the conju- 
gates. To avoid excessive detachment, pour washing medium gently and slowly 
on the well wall rather than directly on the cells. Glycine elution of membrane- 
bound conjugates may also provoke cell detachment and incubation time must be 
minimal (do not exceed 15 min). Inspect cell morphology and monolayer integ- 
rity by phase contrast microscopy and terminate "high-risk" exposures at the fust 
signs of cell retraction, rounding or detachment. 

3. Fixation of cells with 2% paraformaldehyde solution (10-15 min) is generally 
used when preparing samples for immunofluorescence, but the concentration 
must be optimized and can be lowed to 0.5 % to 1% if necessary to avoid disrup- 
tion of the plasma membrane and partial cell permeabilization. In addition, the 
concentrations and incubation times of labeled antibodies given above are arbi- 
trary and should be adjusted for particular preparations. To block nonspecific 
binding of labeled antibodies, preincubate fixed cells with a solution 10-20% 
serum of a corresponding animal species before immunostaining. To reduce non- 
specific binding of the immunoconjugates (e.g., to control cells that do not 
express a target antigen), use incubation media containing 2-4% BSA. 

4. Adjust settings for acquisition and processing of fluorescence images to optimize 
visualization. For instance, in the case that fluorescent signal was low, rational 
increase of the exposure time or brightness postacquisition can be performed, 
although preserving the specificity of the signal and the legitimacy of the image. 
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This approach helps to colocalize fluorescent signals obtained from different 
objects when labeled with fluorescent probes at different intensity, such as stain- 
ing of a highly fluorescent FITC-labeled conjugate using secondary antibody that 
is relatively poorly labeled with Texas Red. Merging the images taken under 
similar acquisition parameters will show FITC signal masking Texas Red on the 
same object, not permitting visualization of a real double-labeled object and, 
therefore, leading to misinterpretation of the result. In addition, the choice of the 
fluorescent probes to reveal colocalizing objects should be made such that colors 
resulting from merged images permit an easy interpretation of the results. For 
instance, colocalization of green and red results in yellow and the three colors 
can be readily interpreted. However, colocalization of green and blue results in a 
light, bluish shade, not clearly distinguishable from the two parental colors. 
5. Finally, the data on internalization and degradation of the radiolabeled conju- 
gates should be analyzed and interpreted cautiously. For instance, multimeric 
conjugates can bind to cells with such high avidity that resulting large antibody/ 
antigen clusters are difficult to disrupt by glycine elution, providing false-posi- 
tive internalization result. Visualization of the uptake using double-fluorescence 
based techniques permits to circumvent this artifact. 

Acknowledgments 

The authors thank Drs. Michael Koval and Steven Albelda for contributions 
to the previous studies, which provided experimental background for the 
development of the protocols outlined in this chapter. This work was supported 
by NIH SCOR in Acute Lung Injury (NHLBI HL 60290, Project 4), NHLBI 
ROl HL/GM 71175-01, and the Department of Defense Grant (PR 012262) 
to VRM. 

References 

1. Muzykantov, V. R., Christofidou-Solomidou, M., Balyasnikova, L, Harshaw, D. 
W., Schultz, L., Fisher, A. B., et al. (1999) Streptavidin facilitates internalization 
and pulmonary targeting of an anti-endothelial cell antibody (platelet-endothelial 
cell adhesion molecule 1): a strategy for vascular immunotargeting of drugs. Proc. 
Natl Acad. Sci. USA 96, 2379-2384. 

2. Scherpereel, A., Wiewrodt, R., Christofidou-Solomidou, M., Gervais, R., 
Murciano, J. C, Albelda, S. M., et al. (2001) Cell-selective intracellular delivery 
of a foreign enzyme to endothelium in vivo using vascular immunotargeting. 
FASEBJ. 15,416-426. 

3. Murciano, J. C, Muro, S., Koniaris, L., Christofidou-Solomidou, M., Harshaw, 
D. W., Albelda, S. M., et al. (2003) ICAM-directed vascular immunotargeting of 
antithrombotic agents to the endothelial luminal surface. Blood 101, 3977-3984. 

4. Wiewrodt, R., Thomas, A. P., Cipelletti, L., Christofidou-Solomidou, M., Weitz, 
D. A., Feinstein, S. I., et al. (2002) Size-dependent intracellular immunotargeting 
of therapeutic cargoes into endothelial cells. Blood 99, 912-922. 



36 



Muro, Muzykantov, and Murciano 



5. Muro, S., Wiewrodt, R., Thomas, A., Koniaris, L., Albelda, S. M., Muzykantov, 
V. R., et al. (2003) A novel endocytic pathway induced by clustering endothelial 
ICAM-1 or PECAM-1. /. Cell Sci. 116, 1599-1609. 

6. Kozower, B. D., Christofidou-Solomidou, M., Sweitzer, T. D., Muro, S., Buerk, 
D. G., Solomides, C. C, et al. (2003) Immunotargeting of catalase to the pulmo- 
nary endothelium alleviates oxidative stress and reduces acute lung transplanta- 
tion injury. Nat. Biotechnol. 21, 392-398. 

7. Muzykantov, V. R., Atochina, E. N., Ischiropoulos, H., Danilov, S. M., and Fisher, 
A. B. (1996) Immunotargeting of antioxidant enzyme to the pulmonary endothe- 
lium. Proc. Natl Acad. Sci. USA 93, 5213-5218. 

8. Danilov, S. M., Gavrilyuk, V. D., Franke, F. R, Pauls, K., Harshaw, D. W., et al. 
(2001) Lung uptake of antibodies to endothelial antigens: key determinants 
of vascular immunotargeting. Am. J. Physiol. Lung Cell Mol. Physiol. 280, 
L1335-L1347. 

9. Murciano, J. C, Harshaw, D., Neschis, D. G., Koniaris, L., Bdeir, K., Medinilla, 
S., et al. (2002) Platelets inhibit the lysis of pulmonary microemboli. Am. J. 
Physiol Lung Cell Mol. Physiol. 282, L529-L539. 

10. Panes, J., Perry, M. A., Anderson, D. C, Manning, A., Leone, B., Cepinskas, G., 
et al. (1995) Regional differences in constitutive and induced ICAM-1 expression 
in vivo. Am. J. Physiol 269, H1955-H1964. 

11. Kuiper, J., Otter, M., Rijken, D. C, and van Berkel, T. J. (1988) Characterization 
of the interaction in vivo of tissue- type plasminogen activator with liver cells. 
/. Biol Chem. 263, 18,220-18,224. 



Research Article 1599 

A novel endocytic pathway induced by clustering 
endothelial ICAM-1 or PECAM-1 

Silvia Muro 2 ' 4 , Rainer Wiewrodt 3 , Anu Thomas 2 ' 4 , Lauren Koniaris 3 ' 4 Steven M. Albelda 3 , 
Vladimir R. Muzykantov 2 - 4 ** and Michael Koval 1 * 4 * 

1 Departments of Physiology, 2 Pharmacology and Medicine, Pulmonary and 3 Critical Care Division and institute for Environmental Medicine, 
University of Pennsylvania School of Medicine, B-400 Richards/6085, 3700 Hamilton Walk, Philadelphia, PA 19104, USA 
•Authors for correspondence (e-mail: mkoval@mail.med.upenn.edu, muzykant@mail.med.upenn.edu) 

Accepted 14 February 2003 

Journal of Cell Science 116, 1599-1609 ©2003 The Company of Biologists Ltd 
doi:10.1242f}cs.00367 



Summary 

Antibody conjugates directed against intercellular 
adhesion molecule (ICAM-1) or platelet-endothelial cell 
adhesion molecule (PECAM-1) have formed the basis for 
drug delivery vehicles that are specifically recognized 
and internalized by endothelial cells. There is increasing 
evidence that ICAM-1 and PECAM-1 may also play a role 
in cell scavenger functions and pathogen entry. To define 
the mechanisms that regulate ICAM-1 and PECAM-1 
internalization, we examined the uptake of anti-PECAM-1 
and anti-ICAM-1 conjugates by endothelial cells. We 
found that the conjugates must be multimeric, because 
monomeric anti-ICAM-1 and anti-PECAM-1 are not 
internalized. Newly internalized anti-ICAM-1 and anti- 
PECAM-1 conjugates did not colocalize with either 
clathrin or caveolin, and immunoconjugate internalization 
was not reduced by inhibitors of clathrin-mediated or 
caveolar endocytosis, suggesting that this is a novel 
endocytic pathway. Amiloride and protein kinase C (PKC) 



Introduction 

Endothelial cells internalize natural ligands and artificial 
macromolecular ligands, that have been designed as carriers 
for specific drug and gene delivery (Danilov et al., 2001; 
Jacobson et al., 1996; Mcintosh et al., 2002; Muzykantov et 
al, 1996; Spragg et al., 1997). We have previously shown that 
platelet-endothelial cell adhesion molecule (PECAM-1), an 
immunoglobulin superfamily cell adhesion molecule, can serve 
as a receptor for delivery of active enzymes and genetic 
materials to endothelial cells (Muzykantov et al., 1999; 
Scherpereel et al., 2001; Wiewrodt et al., 2002). Importantly, 
monomeric anti-PECAM-1 immunoglobulin G (IgG) and 
multivalent conjugates larger than 500 nm are not efficiently 
internalized; multivalent anti-PECAM-1 conjugates 100-300 
nm in diameter are readily internalized, although molecular 
mechanisms that regulate the internalization of anti-PECAM- 
1 are not well understood (Wiewrodt et al., 2002). 

It is becoming apparent that both PECAM-1 and ICAM-1 
may serve as plasma membrane receptors to mediate 
internalization of natural ligands by different types of cells. 
For instance, coxsackieviruses and rhinoviruses bind ICAM- 
1 and are internalized (Shafren et al., 1997a), although other 
coreceptors may be involved in this process (Shafren et al., 
1997b). HIV is internalized into brain endothelial cells by a 



inhibitors, agents known to inhibit macropinocytosis, 
reduced the internalization of clustered ICAM-1 and 
PECAM-1. However, expression of dominant-negative 
dynamin-2 constructs inhibited uptake of clustered ICAM- 
1. Binding of anti-ICAM-1 conjugates stimulated the 
formation of actin stress fibers by human umbilical vein 
endothelial cells (HUVEC). Latrunculin, radicicol and 
Y27632 also inhibited internalization of clustered ICAM-1, 
suggesting that actin rearrangements requiring Src kinase 
and Rho kinase (ROCK) were required for internalization. 
Interestingly, these kinases are part of the signal 
transduction pathways that are activated when circulating 
leukocytes engage endothelial cell adhesion molecules, 
suggesting the possibility that CAM-mediated endocytosis 
is regulated using comparable signaling pathways. 

Key words: HUVEC, Vascular endothelium, Cell adhesion, 
Macropinocytosis, Endocytosis 



pathway that is analogous to macropinocytosis into endocytic 
vesicles that also contain ICAM-1 (Liu et al., 2002). A 
pathway related to macropinocytosis has also been implicated 
in the clearance of apoptotic cell fragments by epithelial cells 
(Fiorentini et al., 2001). The notion that endothelial cells 
might help scavenge apoptotic cells is underscored by the 
observation that PECAM-1 is required for the binding of 
malaria-infected red blood cells to human umbilical vein 
endothelial cells (HUVEC) in culture (Treutiger et al, 1997), 
although these particles were too large to be endocytosed. In 
a recent study, PECAM-1 expressed by macrophages was 
found to play an important role in cellular recognition and 
uptake: apoptotic cells binding to macrophage PECAM-1 
were efficiently phagocytosed, whereas live cells activated a 
signaling cascade through macrophage PECAM-1 to weaken 
their engagement to macrophages and enable their release 
(Brown et al., 2002). Cells, apoptotic fragments and viruses 
binding to ICAM-1 and PECAM-1 are multivalent, complex 
and, in the case of live cells, active partipicants in cell-cell 
interactions, making it difficult to discern roles for specific 
plasma membrane proteins as potential receptors. By contrast, 
anti-ICAM-1 and anti-PECAM-1 conjugates, although 
multivalent, will primarily engage only the cell adhesion 
molecule of interest, which makes them useful probes for 
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examining specific internalization pathways mediated by 
ICAM-1 or PEC AM- 1. 

There are multiple pathways for ligand internalization 
involving vesicles 100-300 nm in diameter, including clathrin- 
mediated endocytosis and the clathrin-independent caveolae- 
mediated pathway (Mukherjee et al., 1997; Nichols and 
Lippincott-Schwartz, 2001). Each of these endocytic 
mechanisms differs in sensitivity to pharmacological agents, 
which enables the mechanism of ligand internalization to be 
determined. Caveolae-mediated endocytosis is a particularly 
important pathway in endothelial cells, where ligands such as 
albumin (Minshall et al., 2000) and orosomucoid (Predescu et 
al., 1998) are internalized via receptors clustered into caveolae 
and subsequently transcytosed across the endothelial barrier 
(Mcintosh et al., 2002). There are also clathrin-independent 
pathways distinct from caveolar endocytosis, which mediate 
uptake of glycosylphosphatidylinositol (GPI)-anchored 
proteins, such as the folate receptor (Mayor et al., 1998) and 
diptheria toxin receptor (Skretting et al, 1999). 

The regulation of ICAM-1 and PEC AM- 1 internalization by 
endothelial cells is not well understood at present. In particular, 
whether ICAM-1 and PEC AM- 1 are internalized by similar 
pathways is not known. In this study, we defined some key 
elements regulating the internalization of anti-ICAM-1 or 
anti-PECAM-1 conjugates by endothelial cells. In each 
case, clustering of the CAM was required for efficient 
internalization. Given that anti-ICAM-1 and anti-PECAM-1 
conjugates did not colocalize with known endocytic coat 
proteins and from the analysis of the signaling pathways that 
regulate the uptake of anti-ICAM-1 and anti-PECAM-1 
conjugates, our data suggests that that endothelial cells 
internalize clustered ICAM-1 and PECAM-1 using a novel 
endocytic pathway. 



Materials and Methods 

Reagents 

Murine monoclonal antibodies to human ICAM-1 (R6.5) and 
PECAM-1 (mAb 62) were provided by Robert Rothlein (Boehringer- 
Ingelheim, Ridgefield, CN) and M. Nakada (Centocor, Malvern, PA), 
respectively. Control murine IgG was from Calbiochem (San Diego, 
CA). Anti-caveolin-1, anti-clathrin, anti-cholera toxin B and anti- 
transferrin were from Calbiochem (La Jolla, CA). Polyclonal rabbit 
anti-6-His-Tag was a gift from MBL (Nagoya, Japan). Secondary 
fluorescent antibodies were from Jackson ImmunoResearch (West 
Grove, PA) and Molecular Probes (Eugene, OR). Fluorescent 
transferrin and cholera toxin B were from Molecular Probes. 
Polystyrene-latex beads 100 nm in diameter, and loaded with a 
fluorochrome compatible with FITC fluorescence (Fluoresbrite YG 
microspheres), were purchased from Polysciences (Warrington, PA). 
Unless otherwise stated, all other reagents were from Sigma (St Louis, 
MO). 

Cell culture 

Pooled human umbilical vein endothelial cells (HUVEC) from 
Clonetics (San Diego, CA) were maintained in Ml 99 medium 
(GibcoBRL, Grand Island, NY) supplemented with 15% fetal bovine 
serum (FBS), 2 mM glutamine, 15 ug/ml endothelial cell growth 
supplement (ECGS), 100 \xg /ml heparin, 100 U/ml penicillin and 100 
u,g/ml streptomycin, EAhy926 cells from an endothelial-iike hybrid 
cell line generated from HUVEC and A549 cells (Edgell et al., 1983) 
were cultured in DMEM medium (GibcoBRL) supplemented with 



10% FBS, glutamine and antibiotics. Cultures were maintained at 
37°C, 5% CO2 and 95% relative humidity in 1% gelatin-coated tissue 
culture plastic. HUVEC were used between passage 4 and 5. When 
seeded for experiments, the cells were cultured onto 12 mm 2 gelatin- 
coated coverslips in 24-well plates in the absence of antibiotics and 
then treated with tumor necrosis factor-ot (TNF-ot) for at least 16 
hours. 

Preparation of immunobeads and immunoconjugates 
Fluorescent microspheres were coated with either anti-ICAM-1, anti- 
PECAM-1 or control murine IgG by incubation at room temperature 
(RT) for 1 hour as previously described (Wiewrodt et al., 2002). The 
coated microspheres (immunobeads) were centrifuged to remove 
unbound antibodies, then resuspended in 1% bovine serum albumin- 
PBS and microsonicated for 20 seconds at low power. The effective 
immunobead diameter was determined by dynamic light scattering 
(DLS) using BI-90Plus particle size analyzer with BI-9000AT Digital 
auto-correlator (Brookhaven Instruments, Brookhaven, NY) as 
previously described (Wiewrodt et al, 2002). This immunobead 
protocol yielded uniform preparations with particle diameters ranging 
from 180 to 250 nm. For anti-ICAM-1 immunoconjugates, anti- 
ICAM-1 was biotinylated and complexed to streptavidin (90% 
unlabeled, 10% rhodamine labeled) in a manner equivalent to anti- 
PECAM-1 immunoconjugates as previously described (Wiewrodt et 
al., 2002). The ratio of biotinylated-ICAM-1 to streptavidin was 
varied to generate immunoconjugates either smaller than 500 nm or 
larger than 1000 nm, as determined by DLS. 

Binding and uptake of anti-ICAM-1 and anti-PECAM-1 
immunobeads 

Confluent HUVEC or EAhy926 cells were pre-incubated overnight 
with 250 units of TNF-cc. By flow cytometry, TNF-a treatment 
increased ICAM-1 expression by HUVEC and EAhy926 cells -10- 
fold and had little effect on PECAM-1 expression, which is consistent 
with previously published results (Delisser and Albeda, 1998). The 
cells were then washed in serum-free medium and incubated in 1% 
BSA-medium containing a 1:10 dilution of either uncoated 
microspheres, or immunobeads coated with control murine IgG, 
anti-ICAM-1 or anti-PECAM-1. The cells were incubated with 
immunobead preparations for different time periods at 4°C or 37°C, 
washed in medium and fixed with 2% paraformaldehyde at RT. To 
distinguish between surface-bound or internalized immunobeads, 
nonpermeabilized fixed cells were counterstained for 30 minutes at 
RT with Texas Red (TxR)-conjugated goat anti-mouse IgG to produce 
double-labeled, yellow particles. The cells were washed in PBS, 
mounted onto slides with Mowiol and analyzed by fluorescence 
microscopy. Alexa Fluor 594-labeled cholera toxin B (FL-cholera 
toxin) counterstained with goat anti-cholera toxin + fluorescein rabbit 
anti-goat IgG was used as a control for caveolae-mediated uptake. 
TxR-labeled transferrin counterstained with goat anti-transferrin + 
fluorescein rabbit anti-goat IgG was used as a control for clathrin- 
mediated endocytosis. 

To identify compartments containing internalized immunobeads, 
HUVEC monolayers were incubated with immunobeads for 1 hour at 
4°C to allow surface binding, washed, then incubated at 37°C for 
different time periods to permit endocytosis. The cells were fixed, 
permeabilized and incubated with rabbit polyclonal anti-human 
caveolin-l, followed by incubation with goat anti-rabbit IgG 
conjugated to Alexa Fluor 350. Colocalization with clathrin heavy 
chain was done in a comparable manner, using TRITC-conjugates 
anti-clathrin. 

For microscopy, samples mounted onto glass slides were observed 
using an Olympus 1X70 inverted fluorescence microscope, 40x or 60x 
PlanApo objectives and filters optimized for fluorescent immunobeads 
(excitation BP460-490 nm, dichroic DM505 nm, emission BA515- 
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550 run), TxR fluorescence (excitation BPS 3 0-550 nm, dichroic 
DM570 nm, emission BA590-800+ nm) and Alexa Fluor 450 
(excitation BP360-370 nm, dichroicDM400 nm, emission BA420-460 
nm) (Chroma Technology, Brattleboro, VT). Separate images for each 
fluorescence channel were acquired using a Hamamatsu Orca-1 CCD 
camera. The images were then merged and analyzed with ImagePro 
3.0 imaging software (Media Cybernetics, Silver Spring, MD) as 
previously described (Wiewrodt et al., 2002). For quantitation, merged 
images of cells labeled with immunobeads were scored automatically 
for total green fluorescent particles and noninternalized immunobeads 
(double-labeled yellow particles). Uptake was calculated as the 
percentage of internalized immunobeads with respect to the total 
number of cell-associated immunobeads. Statistical significance was 
determined by Student's / test. 



Mechanisms of ICAM-1- and PECAM-1 -mediated uptake 
Mammalian pcDNA3 expression vectors encoding for 6-His-tagged 
versions of human dynamin-2 [wild-type and dominant-negative 
forms (K44A), (PH*)] were gifts from Drs S. Schmid (Scripps 
Research Institute, La Jolla, CA) (Altschuler et al., 1998) and M. 
Lemmon (U Penn School of Medicine, Philadelphia, PA) (Lee et al., 
1999). EAhy926 endothelial cells were transfected using Lipofectin 
(GibcoBRL) complexed to 1.5 ug DNA/dish encoding either 
dynamin-2, dynamin-2(K44A) or dynamin-2(PH*). Each construct 
includes a 6-His amino terminus tag to distinguish it from endogenous 
dynamin-2. Twelve hours after transfection, the cells were stimulated 
with TNF-ct, incubated for 36 hours and then anti-ICAM-1 or anti- 
PECAM-1 uptake was determined by double labeling as described 
above. Following labeling of surface-bound material, the cells were 
permeabilized with 0.2% Triton X-100 and then immunostained using 
5 |Xg/ml rabbit anti-6-His-Tag and goat anti-rabbit IgG conjugated to 
Alexa Fluor 350 to identify cells expressing recombinant dynamin-2. 

For studies using pharmacological inhibitors, TNF-a-stimulated 
HUVEC or EAhy926 were pre-incubated for 30 minutes at 37°C in 
the presence of one of the following agents: 50 jxM monodansyl- 
cadaverine (MDC), 1 fig/ml filipin, 50 uM genistein, 3 mM amiloride, 
25 (iM monensin, 0.5 mM cytochalasin D, 0.1 uM latrunculin A, 20 
uM nocodazole, 5 uM bisindolyl-maleimide-l (BIM-1), 10 |iM l-(5- 
isoquiniline sulphonyl)-2-methylpiperazine (H7), 0.1 uMphorbol 12- 
myristate 13-acetate (PMA), 10 u,M radicicol, 10 (iM Y-27346 or 0.5 
uM wortmannin (Barreiro et al., 2002; Fujimoto et al., 2000; Parton 
et al., 1994; Racoosin and Swanson, 1989; Sahai and Marshall, 2002; 
Schlegel etal., 1982; Schnitzeretal., 1994; Swanson, 1989; Torgersen 
et al, 2001; Watanabe et al., 2001; West et al., 1989). Molecular 
targets for selected inhibitors are shown in Fig. 10. The concentration 
of each agent was selected using literature values and was optimized 
qualitatively by fluorescence microscopy (not shown). Also, we 
examined the effectiveness of each agent using suitable controls (e.g. 
Fig. 4). Potassium depletion was done by pre-incubating the cells for 
15 minutes in potassium depletion buffer (0. 14 M NaCl, 2 mM CaCb, 
1 mg/ml glucose, 20 mM HEPES, pH 7.4) diluted 1:1 with water to 
make it hypotonic (Koval et al., 1998). After treatment, the cells were 
incubated with immunobeads, cholera toxin or transferrin at 37 °C, in 
the presence of K + -depletion buffer or the given inhibitors, and then 
fixed and double labeled for surface-bound material as described 
above. 



Results 

Monomeric antibodies to PECAM-1 are poorly internalized by 
endothelial cells (Muzykantov et al., 1999; Wiewrodt et al, 
2002). Multivalent anti-PECAM-1 conjugates with a diameter 
of 100-300 nm are readily internalized, but the efficiency of 
internalization decreases with increasing conjugate size 
(Wiewrodt et al., 2002). To test whether this is the case for anti- 




60 



120 180 24^ 300 



1200 



Incubation time 



Fig. 1. Small ICAM-1 immunoconjugates are internalized by 
HUVEC. HUVEC were treated with 250 U TNF-cc for 24 hours. 
Confluent monolayers were incubated at either 4°C (c) or 37°C (A,C- 
F) in the presence of either large (A; >1000 nm diameter), small (b; 
<500 nm diameter) biotin-anti-ICAM-l/streptavidin conjugates, anti- 
ICAM-1 immunobeads (C,D) or beads previously coated with 
control murine IgG (E,F). The cells were subsequently washed, fixed 
and counterstained with fluorescent goat anti-mouse IgG. Merged 
images corresponding to representative samples were pseudocolored 
to show single-labeled, internalized immunoconjugates/ 
immunobeads as green (arrows) and double-labeled 
immunoconjugates/immunobeads on the cell surface as yellow 
(arrowheads). The phase-contrast image shown in e corresponds to 
the fluorescence image shown in F. Bar, 10 um. (G) Uptake of anti- 
ICAM-1 (•) and anti-PECAM-1 (O) immunobeads by TNF-oc- 
activated HUVEC was determined for different incubation times as 
the mean percentage of internalized (single labeled) immunobeads 
per cell. Error bars corresponding to s.d. were smaller than the size 
of the symbols used for the graph. 



ICAM-1 conjugates, we examined the internalization of anti- 
ICAM-1 conjugates in two different size ranges by TNF-a- 
stimulated HUVEC (Fig. 1 A,B). Consistent with our previous 
results using anti-PECAM-1 conjugates, we found that anti- 
ICAM-1 conjugates with a diameter less than 500 nm were 
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internalized by HUVEC, whereas conjugates with diameter 
greater than 1000 nm showed little, if any, internalization. 
Because antibody conjugates show a broad distribution of 
particle sizes (Wiewrodt et al., 2002), we performed 
subsequent experiments using anti-ICAM-1 and anti-PECAM- 
1 immunobeads, which have a more uniform diameter in the 
size range that allows internalization (Wiewrodt et al., 2002). 
Anti-ICAM-1 immunobeads were internalized by HUVEC 
when incubated at 37 °C but not at 4°C (Fig. 1C,D). Similar 
results were obtained using anti-PECAM-1 beads (S.M., R.W. 
and A.T. et al., unpublished). Following internalization, there 
was further clustering of conjugates and immunobeads, which 
was probably due to endosome fusion events that occurred as 
the particles were transported along the endocytic pathway. 

On average, -125 immunobeads/cell were internalized after 
a 1 hour incubation at 37°C. Fig. 1G shows that uptake of anti- 
ICAM-1 immunobeads was more rapid (-10 minutes half time 
for uptake) than that of anti-PECAM-1 immunobeads (-20 
minutes half time for uptake). Similar results were obtained for 
anti-ICAM-1 and anti-PECAM-1 immunobeads internalized 
by naive HUVEC, indicating that TNF-a had little effect on 
the mechanism of internalization. This also suggests that the 
mechanism for internalization is not sensitive to the surface 
density of ICAM-1, as virtually all of the anti-ICAM-1 
immunobeads were internalized after 30 minutes at 37°C, 
despite the difference in binding in the absence (42±15 
beads/cell) or presence of TNF-a (165±54 beads/cell). Also, 
as found for anti-PECAM-1, monomeric anti-ICAM-1 was not 
internalized (S.M., R.W. and A.T. et al., unpublished). 

Because dynamin-2 is frequently involved in vesicle- 
mediated internalization and phagocytosis (Altschuler et al, 
1998; Gold et al., 1999; Henley et al, 1998; Lee et al., 1999), 
we examined the role for dynamin-2 in uptake of anti-ICAM- 

1 immunobeads. Given the low transfection rate of HUVEC, 
we used the endothelial-like cell line, EAhy926, which showed 
a 40% transfection efficiency using Lipofectin. EAhy926 
cells internalized anti-ICAM-1 immunobeads in a manner 
comparable to HUVEC (Fig. 2). These cells were transiently 
transfected to express amino-terminal 6-His-tagged forms of 
either wild-type or dominant-negative dynamin-2 (K44A or 
PH*). Expression of recombinant proteins was identified by 
immunofluorescence, using an antibody that recognizes the 6- 
His epitope (Fig. 2). Cells transfected with wild-type dynamin- 

2 showed no effect on the uptake of anti-ICAM-1 
immunobeads compared with control cells. By contrast, 
cells expressing ether dynamin-2 (K44 A) or dynamin-2(PH*) 
showed less anti-ICAM-1 immunobead uptake than control 
cells, suggesting that uptake of these immunobeads required 
dynamin-2 (Fig. 2). This was not due to a net decrease in 
immunobead binding, which was equivalent for nontransfected 
EAhy926 cells (23±3 beads/cell) and EAhy926 cells 
expressing wild-type (24+16 beads/cell) or mutant dynamin-2 
[25±4 beads/cell (PH*), 14±5 beads/cell (K44A)]. 

We also found that the dominant-negative dynamin-2 
constructs inhibited the uptake of Alexa Fluor 594-conjugated 
cholera toxin (FL-cholera toxin, S.M., R.W. and A.T. et al, 
unpublished) that is internalized by caveolae-mediated 
endocytosis (Schnitzer et al., 1994). However, few, if any, anti- 
ICAM-1 immunobeads colocalized with caveolin-1 -positive 
structures, regardless of whether the immunobeads were bound 
to the plasma membrane or internalized by HUVEC (Fig. 3). 




Fig. 2. Anti-ICAM-1 immunobead uptake is inhibited by dominant- 
negative dynamin constructs. EAhy926 cells were transfected with 1.5 
ug of DNA encoding either wild-type (A-C) or dominant-negative 
(KM A; e, PH*; f) dynamin-2. Nontransfected cells are shown in (D). 
Twelve hours post-transfection, cells were stimulated with TNF-a for 
36 hours and then incubated for 2 hours at 37°C with anti-ICAM-1 
immunobeads. The cells were then washed, fixed and surface-bound 
particles were counterstained with TxR goat anti-mouse IgG. The 
cells were then permeabilized and stained with rabbit anti-6-His 
antibody followed by Alexa Fluor 350 goat anti-rabbit IgG to identify 
transfected cells expressing dynamin (A). The corresponding phase- 
contrast image is shown in (B). Merged images corresponding to 
representative samples of transfected (C,E,F) or control (D) cells are 
shown, where single-labeled, internalized immunobeads are green 
(arrows) and double-labeled immunobeads on the cell surface are 
yellow (arrowheads). Blue fluorescence of transfected cells is omitted 
in panels (C,E,F) to enable better visualization of red and green 
fluorescence. (G) The percentage of immunobead uptake was 
calculated as described as mean±s.d. *P<0.05. 
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Fig. 3. Anti-ICAM-1 immunobeads do not colocalize with caveolin 
or clathrin. TNF-a-stimulated HUVEC were incubated with control 
anti-ICAM-1 immunobeads (A,C) or Alexa 594-conjugated cholera 
toxin B subunit (B) for 15 minutes at 37°C. The cells were then 
washed and fixed, and surface-bound material was counterstained 
with TxR goat anti-mouse IgG (A,C) or goat anti-cholera toxin 
followed by fluorescein rabbit anti-goat IgG (B). After 
permeabilization, the cells were then labeled with rabbit anti-human 
caveolin-followed by Alexa 350-conjugated goat anti-rabbit IgG 
(A,B) or TRITC-conjugated anti-clathrin heavy chain (C). Insets 
show images magnified twofold. The image color channels were 
selected to facilitate the comparison between panels in the figure, and 
they are: green, internalized immunobeads or cholera toxin; blue, 
surface-bound immunobeads or cholera toxin; red, caveolin- 1 
(arrowheads) or clathrin (arrows). There was little, if any, 
colocalization of anti-ICAM-1 immunobeads with caveolin- 1 or 
clathrin, as evidenced by the lack of yellow labeling in A and C and 
areas showing internalized immunobeads with little caveolin- 1 or 
clathrin nearby (see insets). 

By contrast, FL-cholera toxin showed extensive colocalization 
with caveolin, which is consistent with previously published 
reports (Puri et al., 2001). Newly internalized anti-ICAM-1 
immunobeads also did not colocalize with clathrin. In fact, 
there was a low level of clathrin immunofluorescence shown 
by HUVEC, consistent with a less-dominant role for clathrin- 
coated pits in endocytosis than caveolae-mediated pathways in 
endothelial cells (Schubert et aL, 2001). Thus, despite being a 
dynamin-dependent process, anti-ICAM-1 conjugate uptake 
by endothelial cells was unlikely to be through caveolae- or 
clathrin-coated vesicles. 

We therefore used a series of pharmacological inhibitors to 
further characterize internalization of anti-ICAM-1 and anti- 
PECAM-1 conjugates by HUVEC. The specificity of different 
inhibitors was confirmed using fluorescent transferrin and 
cholera toxin as controls for clathrin-mediated and caveolar 
endocytosis, respectively (Fig. 4). As shown in Fig. 5, 
inhibitors of clathrin-mediated transferrin endocytosis (MDC, 
potassium depletion) did not inhibit the uptake of anti-ICAM- 
1 or anti-PECAM-1 immunobeads. Furthermore, inhibitors of 
caveolae-dependent cholera toxin uptake (filipin, genestein) 
were not effective at inhibiting anti-ICAM-1 or anti-PECAM- 
1 immunobead internalization. Because uptake of anti-ICAM- 
1 and anti-PECAM-1 immunobeads appeared to be through a 
unique internalization pathway, we examined the effect of 
other inhibitors on immunobead endocytosis. Previous work 
has indicated that amiloride, an inhibitor of the sodium/proton 
pump, can inhibit macropinocytosis by dendritic cells (West et 
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Fig. 4. Anti-ICAM-1 conjugates are not internalized by clathrin or 
caveolae-mediated endocytosis. TNF-a-activated HUVEC were 
untreated (A-C), potassium-depleted (D-F), or treated for 30 minutes 
at 37°C with 1 ^ig/ml filipin (G-I), or 3 mM amiloride (J-L). The 
cells were incubated in the presence or absence of inhibitors for 1 
hour at 37°C with fluorescent transferrin (Tf: A,D,G,J), fluorescent 
cholera toxin (CT: B,E,H,K) or anti-ICAM-1 immunobeads 
(C,F,I,L), then fixed and counterstained to double-label surface- 
bound material (yellow, arrowheads). As shown, potassium depletion 
specifically inhibited transferrin uptake by clathrin-mediated 
endocytosis (D), filipin specifically inhibited caveolar uptake of 
cholera toxin (H) and amiloride specifically inhibited uptake of anti- 
ICAM-1 immunobeads (L). 

aL, 1989). Amiloride had little effect on internalization of FL- 
cholera toxin or transferrin, suggesting that it did not inhibit 
caveolae- or clathrin-mediated endocytosis (Fig. 4). However, 
amiloride inhibited uptake of anti-ICAM-1 and anti-PECAM- 
1 immunobeads by HUVEC (55±15% and 60±9%, 
respectively) and by EAhy926 cells (34±9% and 24±3% 
inhibition, respectively. Anti-ICAM-1 immunobead binding 
was equivalent for control (125±21 beads/cell) and amiloride- 
treated HUVEC (154±37 beads/cell), suggesting that amiloride 
did not decrease ICAM-1 surface expression. TNF-ce 
stimulation was not required, given that amiloride inhibited 
anti-PECAM-1 immunobead uptake by naive HUVEC by 
50.5±6.2%. Also, anti-ICAM-1 immunobead uptake by 
amiloride-treated HUVEC remained inhibited during a 3 hour 
(43.8±2.9%) and 5 hour incubation (50.6±5.2%), suggesting 
that amiloride altered the extent of immunobead uptake, rather 
than uptake kinetics. Furthermore, this was not likely to be due 
to an effect on ion homeostasis, given that the ionophore 
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Fig. 5. Effect of endocytosis inhibitors on anti-ICAM-1 and anti- 
PECAM-1 uptake. Uptake of anti-ICAM-1 and anti-PECAM-1 
immunobeads was quantified as meamfcs.d. by fluorescence 
microscopy using control cells, potassium-depleted cells or cells 
pretreated for 30 minutes at 37°C before incubation with 
immunobeads with either 50 uM MDC, 50 uM genistein, 1 |Xg/ml 
filipin, 3 mM amiloride or 25 uM monensin. Cells incubated with 
anti-ICAM-1 or anti-PECAM-1 immunobeads at 4°C are controls for 
no internalization. *P<0.05. 



monensin had little, if any, effect on anti-ICAM-1 and anti- 
PECAM-1 immunobead uptake (Fig. 5). 

Because protein kinase C (PKC) has been reported to play 
a pivotal role in macropinocytosis and phagocytosis by 
macrophages (Araki et al, 1996; Larsen et al., 2000; Swanson, 
1989), we tested the effect of PKC inhibitors on immunobead 
internalization by HUVEC. As shown in Fig. 6, the PKC 
inhibitors BIM-1 and H-7 inhibited immunobead uptake by 
-30% and -60%, respectively. H-7 treatment also inhibited the 
uptake of anti-ICAM-1 and anti-PECAM-1 by EAhy926 cells 
by 55±1 1% and 48+7%, respectively. HUVEC pretreated with 
0.1 |iM PMA for 30 minutes (conditions that stimulate PKC 
activity) showed a high level of anti-ICAM-1 and anti- 
PECAM-1 internalization (>95%), and the total level of 
immunobead uptake by HUVEC was stimulated nearly 
twofold. Anti-ICAM-1 immunobead binding was equivalent 
for control (125±21 beads/cell) and BIM-1 -treated HUVEC 
(140±7 beads/cell), suggesting that BIM-1 did not decrease 
ICAM-1 surface expression. Stimulation by TNF-a was 
not required, since inhibiting PK-C activity also inhibited 
uptake of anti-PECAM-1 immunobeads by naive HUVEC 
(47.5+9.8%) and uptake of anti-PECAM-1 immunobeads by 
naive HUVEC was enhanced 1.3-fold by PMA. Also, anti- 
ICAM-1 immunobead uptake by BIM-1 -treated HUVEC 
remained inhibited during a 3 hour (39.6±4.2%) and 5 hour 
incubation (42.9+5.2%), suggesting that BIM-1 altered the 
extent of immunobead uptake, rather than uptake kinetics. 
Taken together, these results are consistent with internalization 
of anti-ICAM-1 and anti-PECAM-1 immunobeads by a PKC- 
dependent pathway. However, since H-7 may also interfere 
with actin-based contractility (Volberg et al., 1994), this effect 
may also contribute to the inhibition of uptake. 

In fact, the formation of F actin stress fibers is frequently 
associated with ICAM-1 crosslinking (Thompson et al., 2002; 
Wang and Doerschuk, 2002). Therefore, we examined the effect 
of anti-ICAM-1 immunobeads on the formation of actin stress 
fibers by HUVEC. As shown in Fig. 7, stress fibers were rapidly 
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Fig. 6. Uptake of anti-ICAM-1 or anti-PECAM-1 immunobeads is 
PKC-mediated. TNF-ot-activated HUVEC were treated for 30 
minutes with vehicle alone (A), 0.1 uM PMA (B), 0.1 uM BIM-1 
(C) or 10 uM H-7 (D), then incubated with anti-ICAM-1 or anti- 
PECAM-1 immunobeads for 1 hour at 37°C, then fixed and 
immunostained to double-label surface-bound material (yellow, 
arrowheads). Arrows denote internalized immunobeads. Uptake of 
anti-ICAM-1 and anti-PECAM-1 immunobeads was quantified as 
meanis.d. by fluorescence microscopy for these treatments, 
expressed as a percentage of immunobead uptake for the PKC 
inhibitors (E). For PMA, this is expressed as the total number of 
internalized particles per cell (F), as the percent internalization was 
equivalent for control and PMA stimulated cells. *P<0.05. 



induced by anti-ICAM-1 immunobead binding. Immunobeads 
appeared to align along actin stress fibers before internalization; 
this is shown most prominently by the blue labeled 
immunobeads in Fig. 7C,D. Vesicles containing internalized 
immunobeads continued to be associated with stress fibers after 
internalization and remained associated with actin during a 3 
hour incubation. Few, if any, anti-ICAM-1 immunobeads 
induced formation of an actin coat (phagocytic cup) at the site 
of internalization, which is a hallmark of phagocytosis and 
macropinocytosis (Grimmer et al, 2002; Lee and Knecht, 
2002). Note that this is probably not a problem with the 
detection of actin coats, as a previous study found that -20% 
of 0.2 |im beads internalized by Fc receptors in macrophages 
were associated with actin coats (Koval et al., 1998). 




Fig. 7. Internalized anti-ICAM-1 immunobeads associate with the 
actin cytoskeleton. (A,b) HUVEC incubated in either the absence (A) 
or presence (B) of anti-ICAM-1 immunobeads for 15 minutes were 
fixed and then treated with rhodamine phalloidin to label filamentous 
actin. Note the stimulation of actin stress fibers by anti-ICAM-1 
immunobeads. Bar, 10 urn. (C,D) HUVEC were incubated with anti- 
ICAM-1 immunobeads for 15 (C) or 30 (D) minutes, fixed, then 
immunostained to double-label surface-bound material (blue, 
arrowheads). Arrows denote internalized immunobeads in vesicles 
associated with stress fibers. Bar, 10 um. 



Given the dramatic association of anti-ICAM-1 
immunobeads with actin in HUVEC, we also examined the 
cytoskeletal requirements for the uptake of anti-ICAM-1 and 
anti-PECAM-1 immunobeads. In contrast to macropinocytosis 
by macrophages (Racoosin and Swanson, 1 992), microtubules 
were not required for the internalization of anti-ICAM-1 
immunobeads by HUVEC, since internalization was not 
inhibited by nocodazole (Fig. 8). Also, nocodazole did 
not significantly inhibit the uptake of anti-PECAM-1 
immunobeads (12±9% inhibition). Cytochalasin D, which caps 
short actin filaments, had little effect on the uptake of anti- 
ICAM-1 immunobeads (18±7% inhibition) or anti-PECAM-1 
immunobeads (8±8% inhibition). However, the more effective 
actin depolymerizing agent, latrunculin, inhibited anti-ICAM- 
1 immunobead uptake (Fig. 8) and uptake of anti-PECAM-1 
immunobeads (69± 1 5% inhibition). 

We also examined inhibitors that affect kinases known to 
play a role in regulating actin organization. In contrast to 
macropinocytosis by phagocytes (Araki et al, 1996; West et 
al., 2000), wortmanin had little, if any, effect on uptake of anti- 
ICAM-1 immunobeads by HUVEC, suggesting that PI3- 
kinases were not involved in immunobead uptake. However, as 
shown in Fig. 8, uptake of anti-ICAM-1 immunobeads was 
inhibited by the Src kinase inhibitor radicicol and the ROCK 
inhibitor Y27632, consistent with the notion that both the PKC 
pathway and Rho pathway regulate actin cytoskeletal 
rearrangements required for internalizaton of clustered ICAM- 
1. Four inhibitors of anti-ICAM-1 immunobead internalization 
- latrunculin, amiloride, radicicol and Y27632 - all inhibit the 
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Fig. 8. Uptake of anti-ICAM-1 immunobeads requires actin 
regulatory proteins. TNF-oc activated HUVEC were treated for 30 
minutes with vehicle alone (A), 10 uM latrunculin A, 20 uM 
nocodazole, 10 uM radicicol (B), 10 uM Y-27632 (C) or 0.5 uM 
wortmannin (D), then incubated with anti-ICAM-1 immunobeads for 
1 hour at 37°C, then fixed and immunostained to double-label 
surface-bound material (yellow, arrowheads). Arrows denote 
internalized immunobeads. Uptake of anti-ICAM-1 immunobeads 
was quantified as mean+s.d. by fluorescence microscopy for these 
treatments, expressed as a percentage of immunobead uptake. Uptake 
required both Src kinase activity and ROCK activity, since it was 
inhibited by radicicol and Y27632, but did not appear to require PI-3 
kinase activity, as wortmannin had no measurable effect on uptake. 
*P<0.05. 

formation of actin stress fibers induced by anti-ICAM-1 
immunobead binding (Fig. 9), underscoring the correlation of 
uptake by HUVEC with actin mobilization. 

Discussion 

In this study, we found that endothelial cells internalize 
clustered ICAM-1 and clustered PEC AM- 1 by a novel 
endocytic pathway (Table 1). CAM-mediated endocytosis was 
distinct from caveolae-mediated uptake (Mcintosh et al., 2002; 
Minshall et al., 2000; Predescu et al., 1998) as it was not 
inhibited by genestein or filipin and the bound conjugates did 
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Fig. 9. Agents that inhibit anti-ICAM-1 immunobead uptake disrupt 
actin rearrangements induced by immunobeads. HUVEC were 
pretreated with 10 uM latrunculin A (A), 10 uM radicicol (B), 
10 uM Y-27632 (C) or 3 mM amiloride (D), incubated with anti- 
ICAM-1 immunobeads for 15 minutes then fixed and stained for 
filamentous actin using rhodamine phalloidin. Each of these agents 
that inhibit uptake of anti-ICAM-1 immunobeads also inhibited actin 
stress-fiber formation. Bar, 10 urn. 

not colocalize with caveolin. Also, uptake of anti-ICAM-1 and 
anti-PECAM-1 conjugates was distinct from clathrin-mediated 
endocytosis, because it was not inhibited by potassium 
depletion or MDC and the conjugates did not colocalize with 
clathrin (Hansen et aL, 1993; Schlegel et aL, 1982). Whether 
CAM-mediated endocytosis is specific for endothelial cells 
remains to be determined, although PEC AM- 1 transfected 
REN mesothelioma cells show a similar endocytic pathway 
(Wiewrodt et aL, 2002). 

On the basis of amiloride sensitivity and PKC dependence, 
internalization of clustered anti-ICAM-1 and anti-PECAM-1 
seemed to be related to macropinocytosis (Lamaze and 
Schmid, 1995; Nichols and Lippincott-Schwartz, 2001; Orth et 
al. s 2002; Swanson and Watts, 1995), a pathway that is not 
typically associated with endothelial cells. Nonetheless, 
CAM-mediated endocytosis was distinct from 'classical* 
macropinocytosis, on the basis of several criteria (Table 1). 
For example, in contrast to the dynamin-2 requirement we 
observed for uptake of anti-ICAM-1 immunobeads by 
EAhy926 endothelial cells, the K44A dominant-negative 
dynamin-2 did not inhibit macropinocytosis by fibroblasts 
(Orth et aL, 2002). Although dynamin is required for 
endocytosis (Altschuler et aL, 1998; Henley et aL, 1998; Lee 
et aL, 1999) and phagocytosis (Gold et aL, 1999), CAM- 
mediated endocytosis differed in other ways from these 
processes. For instance, anti-ICAM-1 immunobeads did 
not colocalize with either clathrin or caveolin (Fig. 4). Also, 
uptake of anti-ICAM-1 immunobeads did not require PI3K 
activity, which is needed for phagocytosis (Araki et aL, 1996; 
Cox et aL, 1999), as well as macropinocytosis (West et aL, 
2000). 




Fig. 10. Model for uptake mediated by cell adhesion molecules. The 
model shown is for signaling pathways stimulated when monomeric 
ICAM-1 or anti-PECAM-1 are clustered by binding to 
immunoconjugates. Pharmacological inhibitors and activators are 
indicated by italics. Cell adhesion molecules have the capacity to 
bind proteins that mediate direct interactions with the actin 
cytoskeleton, such as cc-actinin (ct-act) and ERM proteins. On the 
basis of our inhibitor data and results from the literature, we propose 
that clustering of ICAM-1 or PEC AM- 1 can also stimulate PKC, Src 
kinase and ROCK signal transduction pathways. This could help 
regulate the recruitment of other cofactors, such as dynamin-2 
(dyn2), to the plasma membrane. Also, ERM proteins and NHE 
transporters are downstream targets for phosphorylation by the 
Rho/ROCK pathway, which might further serve to recruit actin to 
sites of immunoconjugate uptake in response to ICAM-1 or 
PEC AM- 1 clustering. 



The uptake of anti-ICAM-1 and anti-PECAM-1 conjugates 
required clustering of cell adhesion molecules (Muzykantov et 
aL, 1999; Wiewrodt et aL, 2002). ICAM-1 clustering has been 
found to stimulate multiple intracellular signaling pathways 
(Adamson et aL, 1999; Etienne et aL, 1998), including a PKC 
signaling pathway that results in the phosphorylation of 
cytoskeletal and focal adhesion proteins, thereby enabling actin 
filament rearrangement (Etienne-Manneville et aL, 2000). 
Consistent with this, anti-ICAM immunobeads induced actin 
stress fiber formation and were associated with stress fibers 
before internalization (Fig. 7). Both Src kinase and ROCK 
activity are required for CAM-mediated endocytosis and these 
inhibitors also inhibited stress fiber formation induced by anti- 
ICAM-1 immunobeads (Fig. 9). ROCK activity also enables 
remodeling of F-actin attached to adherence junctions and 
controls their stability (Sahai and Marshall, 2002). This also 
provides a potential link between ICAM-1 or PECAM-1 
clustering, Src kinase, PKC and dynamin-2 (Fig. 10), as 
dynamins are downstream targets for Src kinase (Ahn et aL, 
2002) and PKC (Powell et aL, 2000). 

Dynamin, via interactions with endophiiin and profilin, 
helps recruit actin to sites of endocytic activity (Farsad et aL, 
2001; Witke et aL, 1998), Proteins in the ezrin-radixin-moesin 
(ERM) family are also good candidates to link internalization 
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Table 1. Comparison of CAM-mediated endocytosis with p hagocytosis and macropinocytosis 

CR-mediated FcR-mediated CAM-mediated Distinct 

phagocytosis phagocytosis Macropinocyt osis endocytosis from* 

Internalize particles >1 urn 
Receptor clustering 
Dynamin-2 
NHE 
PKC 
Actin 
Actin cup 
Microtubules 
Src kinase 
PI-3 kinase 
Rho kinase 

Table adapted from Caron and Hall (Caron and Hall, 2001) and expanded. For references to specific elements, see text. 
*+, required for uptake; - not required for uptake; ?, unknown. 

*C, distinct from complement receptor (CR)-mediated phagocytosis; F, distinct from FcR-mediated phagocytosis; M, distinct from macropinocytosis; n, none, 
common to all listed pathways. 



Yes Yes Yes No CFM 

+ - + M 

+ + - + M 

4- + CF 

+ + + + n 

+ + + + n 

+ + + CFM 

+ - + - CM 

+ + + C 

+ + + CFM 

+ - ? + F 



of ICAM-1 and PEC AM- 1 to the actin cytoskeleton (Bretscher 
et al., 1997; Cao et al., 1999). For instance, ezrin binds directly 
to the C-terminus of ICAM-1 (Heiska et al, 1998). Another 
actin binding protein, ot-actinin, has also been shown to bind 
to the C-terminus of ICAM-1 (Carpen et al., 1992). Perhaps 
signaling induced by ICAM-1 or PEC AM- 1 clustering can 
indirectly recruit ERM proteins to the plasma membrane. For 
instance, phosphorylation of ERM proteins by a ROCK- 
dependent pathway can help recruit them to the plasma 
membrane (Hirao et al., 1996). Intriguingly, ROCK activity 
has been associated with complement receptor-mediated 
phagocytosis, but is not required for Fc receptor-mediated 
endocytosis (Olazabal et al., 2002). ROCK has also been 
shown to phosphorylate sodium proton exchangers (NHE) to 
enhance binding of ERM proteins (Denker et al., 2000). Both 
processes might correspond to the ROCK requirement for 
uptake of clustered ICAM-1 or PECAM-1 (Fig. 10). This is 
farther suggested by the ability of amiloride to inhibit uptake 
of clustered ICAM-1 and PECAM-1, since amiloride can 
disrupt the association of ERM proteins with NHE, an effect 
that is independent of ion channel activity (Denker et al., 2000; 
Putney et al., 2002). 

Another major distinction from macropinocytosis and 
phagocytosis is that uptake of anti-ICAM-1 and anti-PECAM- 
1 conjugates larger than 500 nm in diameter was poor (Fig. 1) 
(Wiewrodt et al., 2002). Also, anti-ICAM-1 immunobeads 
smaller than 500 nm diameter did not induce the formation of 
an actin cup or coat (Fig. 7), which is typically induced by 
larger particles internalized by phagocytosis (Koval et al., 
1998), suggesting that formation of an actin coat is crucial for 
internalization of larger particles. Although the mechanisms 
that cells use to control the size threshold for internalization is 
not known at present, given that ICAM-1 and PECAM-1 
primarily regulate cell-cell contacts, a small size threshold for 
internalization may be a means by which endothelial cells 
avoid engulfing other cells. 

Consistent with a size threshold for ICAM-1 -mediated 
internalization, an ICAM-1 enriched structure is formed at the 
contact site between lymphocytes and HUVEC, where the 
endothelial cell appears to partially engulf the lymphocyte 
(Barreiro et al., 2002). Furthermore, the lymphocyte- 
endothelial cell docking structure requires ROCK activity, but 



not phosphatidylinositol 3-kinase (PI-3 kinase) (Barreiro et al., 
2002), comparable to our observations for anti-ICAM-1 and 
anti-PECAM-1 immunobeads (Fig. 9). Whether plasma 
membrane internalization is part of the mechanism required to 
maintain this docking structure is not known at present. One 
possibility is that CAM-mediated endocytosis might help to 
remodel cell-cell junctions as leukocytes migrate along 
endothelial cells. If so, this might be analogous to the turnover 
of gap junctions, which is mediated by the engulfment of 
cell-cell junctions sites to create endocytic vesicles in the 200- 
500 nm diameter size range (Gaietta et al., 2002; Jordan et al., 
2001). 

The size threshold for internalization of clustered ICAM-1 
and PECAM-1 might also enable endothelial ceils to 
distinguish small apoptotic fragments from intact cells bound 
to the endothelial cell surface, such as other endothelial or 
blood cells (Barreiro et al., 2002; DeLisser and Albelda, 1998; 
Johnson-Leger et al., 2000; Worthylake and Burridge, 2001). 
The notion that endothelial cells could also scavenge apoptotic 
fragments via a pathway comparable to CAM-mediated 
endocytosis is appealing (Brown et al., 2002; Treutiger et al., 
1997); however, whether this is the case remains to be 
determined. 

Understanding the mechanisms that regulate uptake of anti- 
ICAM-1 and anti-PECAM-1 conjugates will probably help to 
extend the utility of these agents as the basis for endothelium- 
specific drug-targeting vehicles (Li et al., 2000; Muzykantov 
et al, 1999; Scherpereel et al., 2002; Scherpereel et al., 2001; 
Wiewrodt et al., 2002). For instance, inhibitors of conjugate 
uptake might help to increase their stability by reducing 
the extent of delivery to lysosomes and other degradative 
compartments. Animal studies combining the agents used in 
this work with the administration of pharmacologically active, 
enzyme-carrying anti-ICAM or anti-PECAM conjugates will 
be used to determine the feasibility of this approach. 
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ICAM-directed vascular immunotargeting of antithrombotic agents 
to the endothelial luminal surface 
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D. Neil Granger, Douglas B. Cines, and Vladimir R. Muzykantov 



ization. 125 l-labeled antMCAM and a reporter 
enzyme ((3-Gal) conjugated to anti-ICAM bind 
to endothelium and accumulate in the lungs 
after intravenous administration in rats and 
mice. Anti-ICAM is seen to localize predomi- 
nantly on the luminal surface of the pulmo- 
nary endothelium by electron microscopy. 
We studied the pharmacological effect of 
ICAM-directed targeting of tissue-type plas- 
minogen activator (tPA). Anti-ICAM/tPA, but 
not control IgG/tPA, conjugate accumulates 
in the rat lungs, where it exerts plasminogen 



activator activity and dissolves fibrin micro- 
emboli. Therefore, ICAM may serve as a 
target for drug delivery to endothelium, for 
example, for pulmonary thromboprophy- 
laxis. Enhanced drug delivery to sites of 
inflammation and the potential anti-inflam- 
matory effect of blocking ICAM-1 may en- 
hance the benefit of this targeting strategy. 
(Blood. 2003;1 01 :3977^984) 
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Drug targeting to a highly expressed, 
nonintemalizable determinant up-regulated 
on the perturbed endothelium may help to 
manage inflammation and thrombosis. We 
tested whether inter-cellular adhesion mole- 
cule-1 (ICAM-1) targeting is suitable to de- 
liver antithrombotic drugs to the pulmonary 
vascular lumen. ICAM-1 antibodies bind to 
the surface of endothelial cells in culture, in 
perfused lungs, and in vivo. Proinflamma- 
tory cytokines enhance anti-ICAM binding 
to the endothelium without inducing internal- 

Introduction 

Thrombosis and inflammation are often intertwined processes that 
contribute to cardiovascular morbidity and mortality. In many 
cases, the pulmonary vasculature is the major site of vascular inflamma- 
tion and thrombosis, and considerable efforts have been expended to 
develop strategies to target drugs to this site. Yet current methods to 
manage inflammation-related thrombosis remain suboptimal. 1 " 3 
For example, targeting fibrin and activated platelets promotes the 
delivery of antithrombotic agents to existing blood clots, for example, 
in coronary vessels. 4 * 5 However, targeting components of preformed 
clots has afforded only modest improvements in experimental models, 
likely due to limited penetration, 6 and such clot-targeting strategies are 
unlikely to be useful for thromboprophylaxis. 

Targeted delivery of antithrombotic drugs to the vascular 
lumen, including those involved by inflammation, prior to clot 
formation may permit thromboprophylaxis in patients with a high 
propensity for thrombosis. Theoretically, overexpression of certain 
antithrombotic proteins by vascular endothelial cells themselves 
would help to achieve this goal. 7 " 9 However, gene therapies 
currently are not suitable to manage acute conditions. 10 

Immunotargeting of therapeutic proteins may provide a comple- 
mentary strategy suitable for more immediate interventions. Anti- 
bodies to diverse determinants are being explored as affinity 
carriers for drug targeting to endothelium. 11-15 A poorly internaliz- 
able, high-density, and stably exposed determinant on the endothe- 



lial surface, up-regulated and functionally involved in vascular 
thrombosis and inflammation, would provide an ideal target for 
antithrombotic proteins. Previous data indirectly suggest that 
inter-cellular adhesion molecule- 1 (ICAM) may provide such a 
target to deliver anti-inflarnmatory and, perhaps, antithrombotic 
agents. 16-20 However, neither the endothelial internalization of ICAM 
antibodies (anti-ICAM) nor the tissue distribution, localization, activity, 
and effects of ICAM-targeted therapeutics have been characterized. 

In this work we studied ICAM-directed immunotargeting to 
endothelium in cell cultures, perfused lungs, and animals, and 
found that (1) anti-ICAM is not internalized efficiently by the 
endothelium, (2) cytokine up-regulation of ICAM expression 
augments surface targeting, but not internalization, of anti-ICAM, 
(3) anti-ICAM can be used to produce either internalizable 
(100-200 nm diameter) or nonintemalizable (approximately 1 u-m) 
conjugates, and (4) ICAM targeting delivers active tPA to the 
pulmonary vascular lumen and facilitates intravascular fibrinolysis. 



Materials and methods 

The materials used were Na 125 I and Na l31 I from Perkin-Elmer (Boston, 
MA), iodogen, streptavidin (SA), and 6-biotinylaminocaproic acid N- 
hydroxysuccinimide ester from Pierce (Rockford, IL), human recombinant 
tPA from Genentech (San Francisco, CA), p-galactosidase-streptavidin 
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conjugate (SA-p-Gal) from Sigma (St Louis, MO), chromogenic tPA 
substrate, Spectrozyme tPA, a kind gift from American Diagnostica 
(Greenwich, CT), and fluorescein-labeled transferrin or SA from Molecular 
Probes (Eugene, OR). Monoclonal (IgG) antibodies were mAb R6.5, 21 
mAb 1A29, 22 and mAb YN1 23 against human, rat, and murine ICAM-1; 
mAb 9B9 against human and rat angiotensin-converting enzyme (ACE) 24 ; 
and mAb 1009 and mAb 311 against human and murine thrombomodulin, 
TM. 11 Antibodies against IgG (fluorescent-labeled or gold-conjugated) 
were from Jackson Immunoresearch (West Grove, PA) and Amersham 
(Piscataway, NJ). 

Conjugation and size determination 

Antibodies, IgG, and tissue-type plasminogen activator (tPA) were biotinyl- 
ated and radiolabeled using Iodogen without loss of activity, as described. 25 
The number of biotin residues per molecule of protein was determined by 
Immunopure-HABA assay (Pierce) as per manufacturer instructions. Biotin- 
ylated tPA or p-Gal was coupled to biotinylated antibodies using streptavi- 
din cross-linking following a 3 -step procedure described in detail previ- 
ously. 25 * 27 The size of the resulting conjugates was determined by dynamic 
light scattering, as described 25-27 The conjugates are designated hereafter as 
anti-ICAM/p-Gal and IgG/[J-Gal or anti-IC AM/tPA and IgG/tPA. 

Cell culture experiments 

Surface binding and intracellular uptake of I25 I-labeled antibodies were 
measured in cultures of human umbilical vein endothelial cells (HUVECs, 
from Clonetics) and a human mesothelioma cell line expressing ICAM-1 
(REN cells) as described previously for anti-platelet-endothelial cell 
adhesion molecule (PECAM) 28 Control and tumor necrosis factor a 
(TNFa)-challenged cells were incubated for 1 hour at either 4°C or 37°C 
with 125 I-anti-ICAM, 125 I-anti-ACE, ,25 I-anti-TM, or 125 I-control IgG. 
After washing, surface-bound antibodies were eluted with glycine, while 
internalized antibodies were measured in the cell lysates. 

Suspended control or TNFct-treated HUVEC and REN cells were 
incubated with 30 u-g/mL anti-ICAM or anti-TM for 1 hour at 4°C, washed, 
counterstained with fluorescein isothiocyanate (FITC)-labeled goat anti- 
mouse IgG (30 minutes at 4°C), resuspended in phosphate-buffered saline 
(PBS), and analyzed by fluorescence-activated cell-sorter scanner (FACS). 

Cellular localization of anti-ICAM was visualized using immunofluores- 
cence at magnification X 60 or X 40. TNFa-treated cells were incubated 
with 10 jjLg/mL anti-ICAM for 1 hour at either 4°C or 37°C in 1% bovine 
serum albumin (BSA)-containing medium. After washing and fixation, the 
surface-associated anti-ICAM was stained with Texas Red-labeled goat 
anti-mouse IgG. Thereafter, internalized anti-ICAM was counterstained in 
permeabilized cells using FITC-labeled goat anti-mouse IgG. Fluorescein- 
labeled transferrin was used as a control for internalizable ligand in parallel 
wells. In separate experiments, rat pulmonary microvascular endothelial 
cells (RPMVECs) were incubated with anti-IC AM/SA-Texas Red conju- 
gates of different sizes (100-200 nm or approximately 1 jxm) for 1 hour at 
37°C. After cell fixation, surface-bound conjugates were counterstained 
with an FITC-labeled goat anti-mouse IgG. 

Experiments in isolated perfused rat lungs (IPL) 

Lungs were isolated from anesthetized male 170-200 g Sprague-Dawley 
rats following protocols approved by the University of Pennsylvania 
Institutional Animal Care and Use Committee (IACUC) and were venti- 
lated and perfused for 1 hour at 37°C or 4°C with Krebs ringer buffer 
(KRB)-BSA buffer containing l25 I-labeled antibodies (1 (xg, unless indi- 
cated otherwise), followed by nonrecirculating perfusion with KRB-BSA, 
as described. 29 * 30 In separate experiments, 1 00 jxg nonradiolabeled, biotin- 
ylated anti-ICAM or anti-ACE was perfused for 1 hour at 37°C. 125 I-labeIed 
streptavidin ( 125 I-SA) was added to the perfusate immediately after washing 
the unbound antibody or after an additional 60 minutes of nonrecycling 
perfusion to measure surface-accessible b-anti-ICAM. 

125 l-anti-ICAM biodistribution in rats 

Anesthetized rats and mice were killed 1 hour after a tail- vein injection of a 
mixture of ,25 I-anti-ICAM and 13l I-IgG (10 jxg each), and the radioactivity 



in blood and major organs (washed with saline, blotted dry, and weighed) 
was measured to calculate the parameters of targeting: percent of injected 
dose per organ (%ID) or per gram (%ID/g), organ-to-blood ratio (localiza- 
tion ratio, LR), and immuno specificity index (ISI) (see Murciano et al 29 and 
Danilov et al 31 for details). 

Biodistribution and tissue localization of anti-ICAM and 
anti-ICAM/p-Gal conjugates in animals 

The tissue localization of enzymatically active anti-ICAM/p-Gal 1 hour 
after the tail- vein injection of 100 u,g conjugate in BALB/c mice was 
visualized by histological analysis of X-Gal staining in the tissues, as 
described previously for anti-PECAM/p-Gal conjugate. 26 In a similar 
experiment, lungs were processed for electron microscopy and developed 
using a gold-conjugated secondary antibody, as described. 26 

Characterization of tPA activity in lung tissue 

Anti-ICAM/tPA conjugate or control preparations (IgG/tPA and tPA) were 
perfused in IPL for 1 hour; unbound materials were eliminated by a 
5-minute nonrecycling perfusion. In one series, lungs were perfused with 3 
|mg I25 I-Iabeled tPA conjugated to either anti-ICAM or IgG, and the 
radioactivity was measured. In the next series, aliquots of lung homoge- 
nates obtained after perfusion of 100 u.g of unlabeled tPA conjugates were 
added to l25 I-labeled fibrin clots, formed as described previously, 30 and the 
release of 125 Iodine into the supernatant at 37°C was measured. In the next 
series, 750 u.L of a 0.4 mM/L solution of a chromogenic tPA substrate was 
infused into the lung via the pulmonary artery for 20 minutes, and the 
optical density at 405 nm in the outflow perfusate was measured. In the last 
series, a suspension of l25 I-labeled fibrin microemboli ( 125 I-ME, 3-10 
micron diameter), prepared as described previously, 32 was infused into the 
common pulmonary artery after perfusion with either anti-ICAM/tPA or 
IgG/tPA. 125 I-ME lodge and degrade slowly in intact isolated perfused rat 
lungs. 30 The lungs were perfused for 1 hour with buffer containing 20% 
plasma as a source of plasminogen, and the residual radioactivity in the 
lungs was measured. 

Statistics 

A t test or a one-way analysis of variance (ANOVA) (SigmaStat 2.0) was 
used to determine statistically significant differences (P < .05) between 
groups. Post hoc testing was performed with Fisher Least Square difference 
test. Data are shown as mean ± SEM unless otherwise stated. 



Results 

Endothelial cells internalize anti-ICAM inefficiently 

I25 I-anti-ICAM, but not control IgG, bound specifically to unstimu- 
lated endothelial cells (HUVECs) (Figure 1 A). Eighty-five percent 
of the I25 I-anti-ICAM bound to cells at 37°C was eluted by glycine 
one hour later, compared with 90%-95% bound at 4°C (not shown). 
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Figure 1. Resting endothelial cells bind but do not internalize 125 l-anti-ICAM. 

(A) HUVECs were incubated with 125 l-anti-ICAM or 125 l-lgG (1 hour, 37°C), and 
radioactivity was determined in the surface fraction (glycine elution, ffl) and in the cell 
lysates {■). (B) Percent of internalization of 125 Mabe!ed antibodies against ACE, TM, 
and ICAM-1 by HUVECs at either 4°C (■) or 37°C P). The data are expressed as 
means ± SD (n = 3). 
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Consistent with this, approximately 10% of bound anti-ICAM was 
internalized by 60 minutes at 37°C versus approximately 60% of 
125 I-anti-ACE and 125 I-anti-TM (Figure IB). Therefore, resting 
endothelial cells internalize anti-ICAM inefficiently, leaving ap- 
proximately 90% of the antibody on the cell surface. 

Anti-ICAM uptake in the perfused rat lungs (IPL) 

We then asked whether anti-ICAM was handled similarly by intact 
vascular endothelium under flow. Rat IPLs were perfused with 
125 I-anti-ICAM or control 125 I-IgG in a blood- free buffer. 125 I-anti- 
ICAM bound specifically to the lungs (Figure 2A), reaching 
saturation at approximately 10 u,g per gram of tissue. Scatchard 
analysis (inset) revealed that rat lungs contain approximately 
5 X 10 n anti-ICAM binding sites per gram (approximately 1.5- 
2.5 X 10 5 binding sites per endothelial cell). 

We then examined the internalization of anti-ICAM and anti- 
ACE in IPL. Pulmonary uptake of 125 I-anti-ACE was markedly 
lower at 6°C than at 37°C, likely due to inhibition of the 
energy-dependent uptake of antibody. In contrast, practically the 
same uptake of 125 I-anti-ICAM was seen at 6°C and at 37°C 
(Figure 2B). This result reflects minor, if any, contribution of an 
energy-dependent internalization pathway for anti-ICAM in IPL. 

The IPL setting permits sequential perfusion of 125 I-SA immedi- 
ately or 1 hour after biotinylated antibodies, to test the accessibility 
of endothelium-bound antibodies to the circulation. Binding of 
l25 I-SA in the lungs was reduced by 70% when biotinylated 
anti-ACE was allowed to remain in the vasculature for 1 hour at 
37°C, indicating antibody disappearance from the lumen. In 
contrast, binding of 125 I-SA after perfusion of biotinylated anti- 
ICAM did not diminish with time, indicating that the endothelium- 
bound anti-ICAM remains accessible from the lumen at 37°C 
(Figure 2C). Therefore, pulmonary endothelium under flow condi- 
tions avidly binds but internalizes anti-ICAM poorly. 

TNFa stimulates anti-ICAM binding, but not internalization 

TNFa augmented anti-ICAM binding to HUVECs but inhibited 
anti-TM binding, while REN cells, which do not express thrombo- 
modulin, bound anti-ICAM constitutively at a relatively high level 
that was augmented further by TNFa (FACS analysis, Figure 3 A). 

FACS results were confirmed by 125 Iodine tracing studies using 
HUVEC monolayers. TNFa markedly augmented binding of 
125 I-anti-ICAM but not control 125 I-IgG (Figure 3B). However, the 
intracellular uptake of l25 I-anti-ICAM by TNFa-stimulated cells 
after a 1-hour incubation at 37°C was equivalent in HUVEC 




Figure 3. TNFa increases anti-ICAM binding but not internalization by endothe- 
lial and mesothelioma cells. (A) FACS analysis using anti-ICAM and anti-TM. TNFa 
suppresses expression of thrombomodulin (TM, upper panels) by HUVECs and 
stimulates that of ICAM-1 (lower panels) by HUVEC and REN cells. Dashed line: 
antibody-free medium; resting (open histogram) or TN Fa-challenged (shaded histo- 
gram) cells. (B) 125 l-anti-ICAM binding to resting and TNFa-treated HUVEC mono- 
layer. The data are shown as means ± SO, n = 4. (C) Fluorescent micrographs 
(x 60) of TNFa-stimulated cells incubated with anti-ICAM. The cells were incubated 
at 4 C C or 37°C with anti-ICAM (panels i-viii), antibody-free medium (ix, x) or 
transferrin (xi, xii). After washing and fixation the cells were sequentially stained with 
Texas Red secondary antibody, permeabilized, and counterstained with FITC-labeled 
secondary antibody (yellow, surface-bound anti-ICAM; green, internalized anti- 
ICAM). On the left, the nonpermeabilized cells were stained with both Texas Red and 
FITC-labeled antibodies (positive control for surface staining, yellow color). Green 
color corresponds to the intracellular staining (see panels xi and xii showing staining 
of HUVECs incubated with fluorescein -labeled transferrin). Insets of subpanels ix and 
x show phase contrast images in controls. Original magnification, x 60; insets 
minimized to of original size. 



(11.6% ±0.7%) and REN cells (10.1% ± 2.7%); background 
levels at 4°C were 5.1% ± 0.8% and 3.2% ± 0.6%, respectively. 

These radiotracer data showing minimal (no more than 10%) 
internalization of anti-ICAM by cytokine-stimulated cells were 
confirmed by immunofluorescence microscopy. Figure 3C shows 
typical images of TNFa-stimulated HUVEC and REN cells 



a b c 




Figure 2. 125 l-anti-ICAM accumulates without internalization in the isolated rat lungs. (A) Accumulation of 125 l-anti-ICAM or 125 l-lgG perfused for 1 hour at 37°C. Inset 
shows a Scatchard analysis of 12S l-anti-ICAM binding. (B) Temperature dependence of anti-ICAM uptake (■) and anti-ACE uptake (□) in the lungs. At 4"C, the pulmonary 
uptake of 125 l-anti-ACE is inhibited, whereas the uptake of 125 l-anti-ICAM is not affected (uptake at 4*C is shown as percent of the 100% control value attained at 37°C). 
(C) Disappearance of anti-ICAM (■) and anti-ACE (□) from the luminal surface in the lungs perfused at 37°C. After accumulation in the lungs, biotin-anti-ICAM, but not 
biotin-anti-ACE, is accessible to the blood for a prolonged time. 125 l-streptavidin ( 12S I-SA) was perfused in the lungs either immediately after biotinylated antibody accumulation 
or after 60 minutes of additional perfusion at 37° C with antibody-free buffer. Data of 125 I-SA uptake after 60 minutes delay are shown as percent of that observed immediately 
after biotinylated antibody accumulation (100% level). All data are shown as means ± SEM; n = 4. 
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incubated with anti-ICAM for 1 hour at either 4°C or 37°C and 
stained before or after permeabilization with Texas Red and 
FITC-labeled secondary antibody. The staining of intact and 
permeabilized cells was essentially identical, showing predomi- 
nantly dual (yellow) labeling of the surface-bound anti-ICAM both 
at 4°C and 37°C, with no appreciable green staining (representing 
internalized anti-ICAM). As a control, the intracellular staining of 
HUVECs incubated with internalizable fluorescein-labeled trans- 
ferrin was evident at 37°C but not at 4°C (Figure 3Bxi-xii). 
Therefore, TNFa markedly up-regulates anti-ICAM binding to 
endothelial and mesothelial cells, but does not augment anti-ICAM 
internalization. 

Biodistribution of radiolabeled anti-ICAM in vivo 

125 I-anti-ICAM, but not I31 I-IgG, accumulated in the lungs after 
intravenous injection in rats (Figure 4) and in mice (not shown). 
Significant uptake also was seen in the liver and spleen, but 
anti-ICAM uptake per gram of tissue was always greatest in the 
lungs. Pulmonary uptake of anti-ICAM was 20%-30% lower after 
intra-arterial injection (not shown). 

We analyzed the specificity of anti-ICAM targeting to pulmo- 
nary tissue. In rats, the pulmonary uptake of 125 I-anti-ICAM was 
approximately 17% ID/g (Figure 4 A), an immunospecificity index 
(ISI%iD/ g , ratio of %ID/g of anti-ICAM to that of IgG) of approxi- 
mately 25, 10-fold higher than that in the liver and spleen (Figure 
4B). The blood level of anti-ICAM was lower than that of control 
IgG, likely due to depletion of the circulating pool. The anti-ICAM 
pulmonary localization ratio (LR, tissue-to-blood ratio) was approxi- 
mately 50 (Figure 4C), while the IgG LR was approximately 0.2. 
Therefore, the pulmonary ISI LR calculated using anti-ICAM and 
IgG LR, thereby correcting for the blood level, was approximately 
250 (Figure 4D). 

Effects of proinflammatory challenges on anti-ICAM targeting 

Endotoxin facilitated pulmonary uptake of 125 I-anti-ICAM, likely 
due to up-regulation of endothelial ICAM in response to cytokines. 
In rats, lipopolysaccharide (LPS) caused a 30% increase in the 
pulmonary uptake of 125 I-anti-ICAM (Figure 5), with a concomi- 
tant reduction in the blood level (pulmonary LR almost doubled 
from 50 to 85). In contrast, LPS suppressed pulmonary uptake 
of I25 I-anti-ACE in rats by 50% (pulmonary LR reduced from 
14 to 7). Therefore, anti-ICAM targeting in LPS-treated rats was 10 
times more robust than that of anti-ACE (LR 85 vs 7). Pulmonary 
targeting of 125 I-anti-ICAM was stably enhanced at 5 and 24 hours 
after LPS injection (LR 77 and 85). A similar elevation of 
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Figure 5. Endotoxin enhances 125 l-anti-ICAM pulmonary targeting. 125 l— anti- 
ICAM (left panel) or 125 l-anti-ACE (right panel) was injected in control rats (black 
bars) or after intraperitoneal injection of LPS (hatched bars). Lung and blood level of 
125 l was determined 1 hour later. Data are presented as means ± SEM, n = 4. 



!25 I-anti-ICAM pulmonary targeting was seen in LPS-treated mice 
(not shown). The l25 I-anti-ICAM pulmonary uptake was doubled 
in mice exposed to 98% 0 2 atmosphere, in contrast with a 50% 
decrease in the 125 I-anti-TM uptake (not shown). Therefore, 
proinflammatory factors suppress anti-ACE and anti-TM but 
augment anti-ICAM targeting. 

Visualization of ICAM-directed vascular immunotargeting 
in animals 

We visualized the pulmonary localization of anti-ICAM in mice by 
electron microscopy. Specific binding of the secondary gold- 
labeled antibody was evident in lungs harvested 4 hours after 
anti-ICAM injection (Figure 6A). Semiquantitative analysis after 
anti-ICAM injection revealed 16 ± 3 endothelium-associated par- 
ticles/field versus 3 ± 1 particles/field associated with alveolar 
epithelium and interstitium (M ± SEM, 10 fields). Anti-ICAM was 
primarily localized along the luminal surface of the endothelium 
(arrows in Figure 6Ai). Noteworthy, we did not see endocytic 
vacuoles containing gold particles, the hallmark of endothelial 
uptake of internalizable conjugates in the lungs. 26 

To test whether anti-ICAM delivers an active enzyme cargo to 
endothelium, we conjugated a reporter enzyme, p-galactosidase, 
with anti-ICAM or control IgG. Figure 6B shows the results of 
X-Gal staining of the organs 1 hour after injection of either 
anti-ICAM/p-Gal or IgG/p-Gal conjugate in mice. After IgG/p- 
Gal injection (Figure 6Bv-viii), (3-Gal activity was seen in the 
peripheral zone of the splenic follicles, the known site of Fc- 
receptor mediated uptake of immunoconjugates. 26 - 33 The splenic 
follicles also were stained by anti-ICAM/p-Gal (Figure 6Bi), as 
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Figure 4. Pulmonary targeting of 1Z5 l-anti-ICAM in 
rats. Biodistribution of 125 l-anti-ICAM (S) or 131 l-lgG (■) 
1 hour after intravenous injection in anesthetized rats. 
The data are shown as means ± SEM, n = 4. (A) Abso- 
lute values of the uptake in organs expressed as percent 
of injected dose per gram. (B) Immunospecificity index 
(ISI%iD/ g ), calculated as ratio of anti-ICAM to IgG %ID/g. 
(C) Localization ratio (LR) calculated as ratio of %ID/g in 
an organ to that in blood. (D) ISI LR calculated as ratio of 
anti-ICAM LR to IgG LR. 
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Figure 6. Localization of anti-ICAM and anti-ICAM/p-Gal in the pulmonary 
vasculature after injection in mice. (A) Immunogold electron microscopy of the 
lungs harvested 4 hours after intravenous injection of 100 \ig anti-ICAM (i) or control 
IgG (ii). Arrows show endothelium-associated gold particles. RBC indicates red blood 
cells in a capillary lumen; Lu, vascular lumen; Alv, alveolar compartment; EC, 
endothelial cell; EC-Nu, endothelial cell nucleus. (B) Targeting of an active 0-Gal 
conjugate was visualized 1 hour after injection in mice, using standard X-Gal 
chromogenic substrate staining protocol. Distribution of anti-ICAM/p-Gal (panels i-iv) 
and control lgG/0-Gal (panels v-viii). Detailed view of anti-ICAM/p-Gal in the lungs 
(panels ix and x). Original magnifications: Ai, x 70 000; Aii, x 60 000; Bi-Bviii, x 10; 
Bix-Bx, x 20. 

were the renal glomeruli (Figure 6Bii), the known site of p-Gal 
elimination. 26,33 

However, injection of anti-ICAM/p-Gal, but not IgG/0-Gal, 
delivered p-Gal activity to the lungs (compare Figure 6Biv with 
Figure 6Bviii). Anti-ICAM/p-Gal was concentrated in the alveolar 
capillaries and in the lumen of larger vessels; no p-Gal activity was 
seen in subendothelial layers of blood vessels, interstitium, or 
airways (Figure 6Bix-x). 

Effect of anti-ICAM conjugate size on endothelial 
internalization 

Streptavidin was cross-linked to biotinylated anti-ICAM and 
biotinylated tPA at varying molar ratios of reactants, as previously 
studied with other proteins. 25 " 27 Analysis using dynamic light 
scattering analysis showed that conjugates ranging in size from 100 
nm to several microns were generated, depending on. the molar 
ratio between SA and biotinylated anti-ICAM (Figure 7A). Double 
staining of fluorescent-labeled anti-ICAM conjugates revealed that 
rat microvascular endothelial cells internalized those anti-ICAM 



conjugates having a diameter of 100-200 nm but did not internalize 
large conjugates around 1 u,m (Figure 7B). In fact, after a 1-hour 
incubation at 37°C, the large, 1-2 micron double-labeled anti- 
ICAM conjugates (the preparation that corresponds to the peak 
farthest to the right in Figure 7A) decorated the entire cell surface 
(Figure 7C). Control IgG conjugates did not bind to endothelium 
irrespective of size and did not accumulate in the isolated rat lungs 
(not shown). 

I CAM -directed targeting of tPA to the pulmonary vasculature 

We then tested whether anti-ICAM would target an antithrombotic 
drug to sites of inflammation susceptible to thrombosis. To do so, 
we prepared large (approximately 1 fjum), poorly internalizable 
anti-ICAM/ 125 I-tPA and IgG/ 125 I-tPA conjugates. One hour after 
intravenous injection, 7% of the injected anti-ICAM/ 1 25 I-tPA had 
accumulated in the rat lungs, compared with less than 0.3% for 
IgG/ 125 I-tPA (Figure 8A), a pulmonary ISI %ID/g of 25 (Figure 8B). 
The blood level of anti-ICAM/ 1 25 I-tPA showed a corresponding 
decrease compared to IgG/ 125 I-tPA. Therefore, the pulmonary LR 
of anti-ICAM/ 125 I-tPA exceeded 20 (Figure 8C), with a calculated 
ISI LR of approximately 80 (Figure 8D). Anti-ICAM/ 1 25 I-tPA was 
retained in the lungs for at least several hours after injection (not 
shown). Similar results were obtained in mice (not shown). 

Anti-ICAM/tPA bound to the pulmonary endothelium surface 
retains plasminogen activity and dissolves intravascular clots 

To test whether anti-ICAM can be used to deliver enzymatically 
active tPA to the endothelial lumen, we perfused anti-ICAM/tPA or 
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Figure 7. Size of anti-ICAM conjugates modifies their uptake by endothelial 
cells. (A) DLS analysis of size distribution of the conjugates prepared at molar ratio 
between biotinylated anti-ICAM and streptavidin of 1:0.5 (left peak) or 1:1 (right 
peak). (B-C) RPMVECs were incubated for 1 hour at 37°C with anti-ICAM conjugates 
containing rhodamine-iabeled streptavidin with mean diameters of 100-200 nm 
(panel B) or larger than 1 p.m (panel C). The surface-bound fraction of the conjugate 
was double-labeled using an FITC-labeled secondary antibody. Red color (arrows) 
denotes internalized conjugates; yellow color (arrowheads) denotes the nonintemal- 
izable, larger conjugates. White bars in panels B and C correspond to 5 n-m size. 
Panel C inset shows the contrast phase micrograph (x 40) minimized to V& the 
original size. 



3982 MURCIANO etal 



BLOOD, 15 MAY 2003 • VOLUME 101, NUMBER 10 




Blood Lung Liver Kidney Spleen Heart 



Blood Lung Liver Kidney Spleen Heart 




Figure 8. Pulmonary targeting of 125 l-tPA conjugated 
with anti-ICAM in rats. Biodistribution of 125 l-tPA conju- 
gated to anti-ICAM IgG (^) or control IgG (■) 1 hour after 
intravenous injection in anesthetized rats. The data are 
shown as means ± SEM, n = 4. (A) Absolute values of 
the uptake in organs expressed as percent of injected 
dose per gram. (B) Immunospecificity index (ISI%io/ fl ), 
calculated as ratio of anti-ICAM to IgG %ID/g. (C) Local- 
ization ratio (LR) calculated as ratio of %ID/g in an organ 
to that in blood. (D) IS! LR calculated as ratio of anti-ICAM 
LRtoIgG LR. 
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IgG/tPA in IPL. In all experiments, the vasculature was washed free 
of unbound conjugates prior to measuring tPA uptake and activity. 
Anti-ICAM but not the control IgG carriage led to pulmonary 
accumulation of 125 I-tPA (Figure 9A). 

Aliquots of lung homogenates obtained after perfusion of 
anti-ICAM/tPA or IgG/tPA were then incubated with 125 I-fibrin 
clots at 37°C in vitro. Homogenates of lungs perfused with 
anti-ICAM/tPA caused 10-fold more fibrinolysis, measured by 
release of 125 I, than lungs perfused with IgG/tPA (Figure 9B). 

We then infused a chromogenic tPA substrate into IPL. Enzy- 
matic conversion of the substrate leading to appearance of a 
colored product was detected in the perfusate outflow of lungs 
preperfused with anti-ICAM/tPA but not those preperfused with 
IgG/tPA (Figure 9C). Therefore, the anti-ICAM/tPA associated 
with the luminal surface of the pulmonary endothelium retains its 
enzymatic activity. 

Accessibility to a small synthetic substrate (mol wt < 500 D) 
does not prove that the anti-ICAM/tPA is accessible to convert its 
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Figure 9. Anti-ICAM/tPA accumulated in pulmonary vasculature facilitates 
fibrinolysis. Isolated rat lungs were perfused with anti-ICAM/tPA (B) or IgG/tPA (■) 
for 30 minutes at 37"C and washed free of unbound conjugates (5 minutes of 
non circulating perfusion with a buffer), (A) Pulmonary uptake of 125 l-tPA conjugated to 
either anti-ICAM or control IgG. (B) Fibrinolysis of fibrin clots by aliquots of lung 
homogenates obtained after perfusion. (C) Conversion of chromogenic tPA substrate 
perfused after the conjugates. (D) Dissolution of radiolabeled fibrin emboli lodged in 
the pulmonary vasculature after perfusion of the conjugates. The data are shown as 
means ± SEM, n = 4. 



protein substrate, plasminogen. To examine this issue, a suspension 
of 125 I-microemboli was infused into the pulmonary artery 1 hour 
after perfusion with either anti-ICAM/tPA or IgG/tPA. The radioac- 
tivity in the lungs was determined 1 hour later as a measure of 
residual unlysed fibrin clots. Lungs preperfused with anti-ICAM/ 
tPA practically completely dissolved the radiolabeled fibrin clots, 
whereas fibrinolysis in the lungs perfused with IgG/tPA did not 
differ significantly from the basal level measured in control lungs 
(Figure 9D). Therefore, anti-ICAM/tPA accumulates in the lungs, 
resides in enzymaticaUy active form on the luminal endothelial 
surface, and thereby markedly facilitates fibrinolysis in the pulmo- 
nary vasculature. 



Discussion 

Drug targeting and concurrent blocking of a noninternalized highly 
expressed pro-inflammatory determinant expressed on the endothe- 
lial lumen that is stably up-regulated in the perturbed vasculature 
may provide a specific and powerful approach for treatment and 
prophylaxis of vascular inflammation and thrombosis. Our data 
indicate that ICAM-1 (CD54) fulfills the criteria of an "ideal" 
target for this specific goal and that anti-ICAM may be used for 
vascular immunotargeting of antithrombotic drugs. 

Static human endothelial cells cultured under sterile conditions 
constitutively express relatively modest levels of ICAM-1 (Figure 1). 
However, the level of expression is much higher in vivo, 34 and 
anti-ICAM binds to the resting endothelium in intact animals. 20 - 34 
Diverse cell types express ICAM-1, but the largest fraction directly 
accessible to the bloodstream is exposed on the endothelial 
surface. 34 This fact explains anti-ICAM targeting in vascularized 
organs (Figures 2 and 4) and confinement of the targeted cargoes to 
the vascular lumen (Figures 2, 6, and 9). 

The pulmonary vasculature is the first major capillary network 
encountered by intravenously injected antibodies, contains roughly 
one-third of the endothelium in the body, is exposed to the entire 
cardiac output of venous blood, and, therefore, comprises the 
preferred target for affinity carriers recognizing pan-endothelial 
determinants. 28,31 Importantly, pulmonary uptake of anti-ICAM 
and anti-ICAM conjugates is not due to a nonspecific binding or 
mechanical retention in the vasculature, as control IgG counterparts 
neither bound to HUVECs nor accumulated in the lungs. In fact, 
the immunospecificity of the anti-ICAM and anti-ICAM/tPA 
conjugate pulmonary accumulation in normal rats approaches 
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values of 250 and 50, respectively (Figures 4 and 8). Analysis of the 
quantitative binding data obtained in rat lungs (Figure 2) indicates 
that binding of approximately 5-50 mg anti-ICAM can be expected 
in the human pulmonary vasculature. Thus, anti-ICAM carriers are 
likely to provide robust and preferential targeting to the pulmonary 
endothelium in intact animals, matching the characteristics of the 
best candidate carriers tested to date, including antibodies directed 
against PECAM, ACE, and a caveoli-associated antigen gp90. WWW 

Certain pathological conditions suppress targeting to other 
constitutive endothelial determinants, such as thrombomodulin and 
ACE. 18 * 35 - 36 For example, endotoxin inhibits anti-ACE targeting in 
rats by 50% (Figure 5). In contrast, cytokines, oxidants, abnormal 
shear stress, and thrombin 37 are all known to enhance endothelial 
ICAM-1 expression 34 ' 38 and augment anti-ICAM vascular targeting 
in vivo. 16,20 Up-regulation of endothelial ICAM-1 expression by 
thrombin 37 also makes it a preferred candidate for delivering 
antithrombotic agents. Our data extend these observations and 
reveal that (1) cytokine stimulation does not augment anti-ICAM 
internalization (Figure 3) and (2) pulmonary targeting of anti- 
ICAM is stably augmented in models of proinflammatory chal- 
lenge in vivo (eg, Figure 5). This feature distinguishes targeting 
ICAM from targeting selectins, which are only transiently exposed 
on the perturbed endothelium. 39 

Antibodies and conjugates may unintentionally suppress impor- 
tant functions of endothelial proteins with potentially deleterious 
consequences (eg, thrombosis), making them less suitable for the 
therapeutic targeting. 40 ICAM-1, a counter-receptor for leukocyte 
integrins, supports cell adhesion on endothelium. 34 ' 41 Because 
anti-ICAM suppresses inflammation by blocking leukocyte adhe- 
sion, 34 ' 38 - 41-44 drug targeting to endothelial ICAM-1 is unlikely to 
have unintended deleterious effects on the host and, indeed, may 
provide secondary therapeutic benefits against inflammation, throm- 
bosis, and oxidative stress. This feature of anti-ICAM conjugates 
deserves additional investigation. 

Published studies on anti-ICAM internalization have yielded 
inconsistent results: epithelial and blood cells have been reported to 
internalize ICAM ligands in vitro 45,46 but fragmentary data in other 
cell types showed the opposite outcome. 47 - 48 Our studies in cell 
culture, perfused rat lungs, and in animals show that endothelial 
cells internalize ICAM antibodies poorly (Figures 1, 2, 3, and 6). 
Thus, ICAM seems to be well suited for drug targeting to the 
luminal surface. This feature distinguishes ICAM from other 
similarly prevalent endothelial determinants, all of which are 
rapidly internalized, including thrombomodulin and ACE (Figures 
1 and 2), selectins, 47 ' 50 and caveoli-associated antigens. 15 A mono- 
clonal antibody against gp85 antigen accumulates in the rat lungs 
and is not internalized and therefore can be used for surface 
targeting in this species, 29 but the identity, function, and regulation 
of its human counterpart are not known. 

The uptake of anti-ICAM conjugates is modified by their size: 
endothelium internalizes conjugates with a mean diameter of 



100-200 nm, but not anti-ICAM conjugates larger than 1 u.m 
(Figure 7). This result indicates that anti-ICAM follows the 
paradigm observed previously with antibodies directed against 
another nonintemalizable determinant, PEC AM- 1. 26 ' 28 Conjugate 
size can be readily and stably modulated by varying the molar 
ratios of the reactants, as measured by dynamic light scattering 
(Figure 7). In theory, therefore, anti-ICAM represents a carrier that 
can be modified to facilitate drug delivery to either the endothelial 
surface (using monomolecular conjugates or conjugates larger than 
500 nm) or to the intracellular compartment (using 100-300 nm 
conjugates). The anti-ICAM/tPA conjugates used in the present 
study were around 1 jxm in size, which exceeds the effective 
internalizable size. Clearly, anti-ICAM/tPA bound along the cell 
surface retains enzymatic activity in the pulmonary vascular lumen 
and augments intravascular fibrinolysis (Figure 9). 

This result serves as a proof-of-principle that ICAM represents 
a suitable target to deliver antithrombotic agents to the endothelial 
lumen. Although anti-ICAM/tPA conjugate itself may represent a 
useful agent, we anticipate that the strategy can be further 
optimized by generation of a monomolecular nonintemalizable 
anti-ICAM/tPA fusion protein. 

To our knowledge this is the first study showing that fibrinolytic 
agents can be used in a prophylactic mode to protect vital vascular 
beds, including those in the lungs. Patients are at high risk to 
develop pulmonary emboli after trauma: (1) when extensive 
proximal deep venous thrombi are present; (2) after recent pulmo- 
nary emboli; (3) in the setting serious respiratory compromise due 
to diverse cardiopulmonary disease; or (4) when the risk of 
bleeding after systemic anticoagulation is prohibitive. 1,2 Our data 
suggest that targeted delivery of antithrombotic agents to the 
pulmonary endothelium itself may be a suitable alternative in some 
of these settings, although additional studies will be needed to 
establish the duration and extent of fibrinolytic activity that 
is delivered. 

In summary, ICAM possesses a number of highly desirable 
characteristics as a target for antithrombotic and anti-inflammatory 
drug delivery. Anti-ICAM targeting may allow a spectrum of novel 
therapeutic approaches, for example, a strategy to facilitate the 
antithrombotic potential of the pulmonary vasculature in patients at 
high risk to develop acute lung injury (ALI/ARDS) and thromboem- 
bolism. Future studies in larger animals will define potential 
therapeutic applicability and limitations of this strategy. 
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